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TRANSLATOR’S PREFACE 


The fascinating possibility of predicting the course of a chemical 
reaction from a few characteristic constants of the reacting 
substances seemed very far from realization after the ill-starred 
attempt of Berthelot. Eecent attacks upon this problem have 
been more successful, and the future is promising. 

Prof. Haber’s book entitled ‘"Thermodynamik Technischer 
Gasreactionen ” is a most important contribution to this sgibject. 
It is a pleasure for me to assist in making this book better 
known to the English-speaking world. 

Professor Haber has thoroughly revised the German edition 
purposely for this translation. Many parts have been re-written, 
and the changes necessitated by the progress of the subject 
during the years 1905 and 1906 have been made. In those 
lectures where this involved too extensive alterations the 
original text has been adhered to, and the new results added in 
appendices. The appendix to the Third Lecture was trans- 
lated by Dr. Maitland, that to the Fifth by Mr. E. Le Eossignol. 

The translation of the first four Lectures was completed in 
its final form in the spring of 1906. 

It gives me pleasure to acknowledge the valuable assistance 
rendered me by Dr. M. H. Hunter in the reading of the proofs. 


New Yoek City, 

October let, 1907. 


AETHUR B. LAMB. 
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Duking Tebruary of this year I delivered a series of seven 
evening lectures on the thermodynamics of technical gas re- 
actions, before several of my colleagues and a number of my 
younger research students. I could assume that my audience 
was familiar with the chemical and technical side of the ifubject, 
but was obliged to develop the mechanical theory of heat from 
its very foundations. These lectures, intended simply to intro- 
duce the subject for discussion by my colleagues and students, 
are here reproduced. 

Questions asked me after the lectures, and certain difficulties 
which were encountered in making the subject clear, have led 
me to make my explanations here somewhat fuller, and to adopt 
the style of an essay rather than of a lecture. 

I have not made use of the atomic hypothesis in these 
lectures. This is not due to any antagonism on my part to 
this hypothesis. I am simply convinced that the application 
of the mechanical theory of heat to chemistry becomes easier 
and more comprehensible the closer we restrict ourselves to 
the heat and work effects of masses directly perceptible to our 
senses. 

In presenting the fundamentals of this theory, I have chosen 
Helmholtz's point of view. From it a chemical reaction is 
considered to have a latent heat just as does any simple change 
in the state of aggregation. Consequently, in my presentation, 
the two parts into which total energy can be divided are not 
spoken of as free and hound en&rgy, but as remtion energy and 
latent heat. Various reasons have led me to adopt this less 
usual nomenclature. In the first place, latent heat is a concrete 
entity appealing directly to our senses. The idea of bound 
energy” is an abstraction. Then, too, the intimate theoretical 
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and practical connection between gas reactions and the disso- 
ciation and vaporization of solids can be much more readily 
appreciated from this standpoint. Finally, starting from it, 
there is no difficulty in grasping both the idea of a temperature 
coefficient of maximum work, upon which van’t Hoff, Ostwald, 
and Nernst based certain special considerations, and the idea of 
entropy w^hich underlies Planck’s method of treatment. 

In connection with the work of Helmholtz, and particularly 
because of an article by van’t Hoff in the “ Festschrift” pub- 
lished in celebration of Boltzmann’s sixtieth birthday, I have 
discussed at length the influence of specific heats on the energy 
of gaseous reactions. The special importance of specific heats 
in this kind of reactions is fully discussed at the end of the 
Fourth Lecture. The methods of measuring specific heats, and 
the data we thus fer possess in this field, have also been treated 
at length ; indeed, very much at length in some places, in order 
to permit the reader to criticize the choice finally made. Our 
knowledge of specific heats is at present so scanty that we 
must often trust to a sort of expert instinct in selecting proper 
values, without being able in some instances to prove definitely 
that the chosen results are really better than those of some 
other investigator. 

The book has been written for the sake of technical rather 
than theoretical chemistry. I hope that it may facilitate both 
teaching and experimental investigation of the subject of tech- 
nical gas reactions. It is not a handbook, nor does it attempt 
a complete presentation of all the material, but rather a clear 
and exhaustive treatment of the more unportant cases. How 
well I have succeeded in this clarification must be left to the 
decision of my colleagues. 

Messrs. Gottlob and Moser have assisted me greatly in the 
many numerical computations contained in the book. I shall 
be grateful for notification of any inaccuracies of any kind which 
may be found. 


OABLaBTJHB, 

May 20 ^^, 1905 . 


F. HABEE. 
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THERMODYNAMICS 


FIRST LEOTUEE 

THE LATENT HEAT OF CHEMICAL EEACTION AND ITS RELATION 
TO REACTION ENERGY 

Gentlemen, — In these lectures I shall endeavour to make 
clear the significance of heat factors in gas reactions, with 
especial reference to the specific heats of . the interacting sub- 
stances and to the heat evolved during the reaction. ^ 

Thermochemistry concerns itself in general with the total 
amount of heat evolved (or absorbed) during the whole course 
of a reaction, but leaves quite untouched the question as to 
whether the reaction goes to completion in one direction or halts 
in an intermediate (equilibrium) condition. 

All simple gas reactions do halt at such equilibrium 
conditions, and are consequently incomplete. Often, indeed 
as a rule, this incompleteness only becomes perceptible at 
high temperatures.^ But phenomena at high temperatures 
are precisely what interest us here. In the region of low 
temperatures, gases often react very sluggishly with one 
another. The reaction velocities are then the governing 
factors of the process, and these are not to be predicted 
in advance from the standpoint of the theory of heat. The 
higher the temperature rises the less important do these factors 
become, while the equilibrium phenomena which are subject 
to theoretical treatment attain prominence. These equilibrium 
phenomena ^ are all that we shall concern ourselves with here. 

1 Theoretically every reaction belongs to this class, and may therefore 
bo termed reversible. But it must be possible to demonstrate experimentally 
this reversibility under any conditions if its theoretical consideration is to be 
scientifically useful. 

2 Here we mean only “ real " equilibria, which can be reached from both 
sides. The “ false ” equilibria, which can be reached from one side only, 
and their relation to passive resistance and reaction velocity, will be 
discussed in the last lecture. 
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They have often been diflcussetl in «*la!i<»ii i.t tin* iii.i'*'* 
of the reacting sul)stance 8 , but the infhii'iKt* b> tb«* 

speoifio heat oHhe substances lia« rwceivwl but Hub* nn**n?i> n 
I^^Ohatelier,’^ to be sure, sliowwl bmg ago, in a 
work on dissociation, the imi»i>rtaneo of sjs^'ifsr l»«s tin . 

work was not acconled the gonemi notin* w)ii< h it 
Tlie result is that our knowlotlge of the stilijit!! in iind 

the number of cases at our disposal is sranty. Tli«* 
has, however, so broad a signifi<sin«» that it is well %»..rt!i ..nr 
while to become conversant with it. Only wls n wi 
the Joint effect of mass action and tin* sjss-ifi.- «.{ il,.. * 

reacting substenc^^ arf wo abKf«Hn «d»M*tn'nfl»*»is mad** ni any 
one temperature, to draw infenmetm regariliiig lli»* |.l»«-jn«ini'tia i 
which will take plaoe at a temperatww, say a ihmtwaiid dfgowsf 
higher. The theory even afforils us llw* fjtjssi’talioii of luingl 
able to find out all alwut a gas equilibritim »l high N.raiM'rn* 1 
tures, simply from a knowWgi* of the hnat, ftu fors roiiwriusl. i 
without any expmmental determinations of tjiami aclionsy l 
Satisfactory oonfirmaMon, however, of this Jiwt is isrkiitg, 
he(»use oar knowledge of the sfieeifie himto «tf pwtw *.* yrt 
too incomplete. 

Gas reactions at high temperatures fiwiiteiilly a vm- 

StgM practical intorwt. We should tnention, in lla* fir*i 

thcae heating processes where carlain dioxide and wafer v«}«,«r 
teiitpera> formed. These substances dissoctato at %'Biy high teiaiiw#* 
tom , tur^ into &ee oxygen, oarlion monoxide, and hyiln^'<fi. 11«» 
effect of temperature and the competition of the minium m 
the dissoomtion of the carbon dioxide and tlie water-va|4»ttr k 
a first q[U0sttea of importance, which must Im rndvrsl % ittwut* 
of the mechanical theory of heat. The two rawcihms — 

^ 20 O + o.$ 2 <;o. t„ 

2H, + 0,:^2H,0 . , . . , 

are connected with one Msother hy tlj# ralatiisi— 

CO + H»O^CO, + H, ... 1.1) 

* JnneOet dm Minm, viH. 13 (188^ JI7. 

* Since the pnWfcfttloB ef the «}hte„ «f nh , 

^en on tl,b ^bhm. See his « Themwdpiwahi, »i*.| - 
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We can decide in which direction this so-called water-gas 
reaction '' will proceed at a given concentration of the four sub- 
stances in the gas mixture, and at a known high temperature, 
when the dissociation conditions represented in (1) and (2) are 
known. Dissociation of this kind also possesses a great signifi- 
cance in technical inorganic chemistry. The reaction — 

2802 + 02:^2803 (4) 

forms, as is well known, the foundation of the modern method 
of sulphuric acid manufacture. The two reactions — 

2HC1^C]2 + H2 (5) 

and • 

2H20:^2H2+02 (6) 

taken together, give us Deacon’s chlorine process — 

. 2H20 + 2Cl2$4HCl + O 2 . . . . (T) 

The possibility of making ammonia from its elements, and 
nitric oxide, and consequently nitric acid and the nitrates, 
from the air, is governed by the relationships given by the 
mechanical theory of heat for the reactions — 

N2 + 3H2:^2NH8 (8) 

and 

N2 + 02:^2N0 . . . . . (9) . 

The fundamental thermodynamic relations which we will The 
consider can be applied to the reactions of solids, liquids, and 
gases. They are employed under the most varied forms, gas law. 
especially for molten and dissolved substances. But they 
assume a particularly simple form for gaseous substances, because 
in these the pressure, temperature, and volume are connected 
by a very simple relation, while in the case of molten or 
dissolved substances no similar general relation connecting 
these three quantities is known. This relation is — 

I)v = -RT ( 10 ) 

where p = pressure and v = volume. If we consider a mol as 
the unit of mass, experiment shows us that at a pressure of one 
atmosphere {Le. at 760 mm. Hg at sea-level and latitude 45°) 
this unit of mass occupies 22*412 litres at a temperature of 0°. 
Equation (10) requires that the temperature be reckoned in 
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degrees on the absolute scale. The zero point of this scale is 
generally put at —273'^ C. It is equal to minus the reciprocal 
value of the coefficient of expansion of an ideal gas ) 3 ). The 
coefficients of ordinary gases are very slightly different from this. 
By careful consideration of the deviation from the behaviour 
of ideal gases which ordinary gases show on compression and 
expansion it is possible to find the coefficient of expansion of 

ideal gases.^ It amounts to absolute zero there- 

fore is, strictly speating, not at — 273°C., but 0*09'^ lower 
This difference will be too small to be considered in our later 
calculations, but we must take account of it here, in order to 
determine E with all possible precision. We then get — 


Tile gas 
constant 
in litre- 
atmo- 
spheres. 




22-412 X 1 
273-09 


0-08207 


This Taliie of E is expressed in litre x atmosphere units (litre- 
atmospheres). If we compute the volume in cubic centimetres 
and the pressure in dynes per square centimetres, it becomes — 


„ 22,412x76x13-696x980-6 /erg\ 

E= — 27^09 “ 0-83155 x 10® abs. units J 

in absolute 

units. yg jg height in centimetres of a column of mercury 

which exerts a pressure of one atmosphere ; 13*596 the weight in 
grams of a cubic centimetre Hg ; and therefore 76 x 13‘596 the 
weight of the mercury column which exerts a pressure of one 
atmosphere per square centimetre. Since the gram weight at sea- 
level and lat, 45° corresponds to 980'6 dynes, then 76 x 13*596 
X 980*6 is the pressure in absolute measure of an atmosphere 
on a unit of surface (1 sq. cm.); that is, the pressure on a 
piston 1 sq. cm. in area working in a cylinder containiDg 
1 mol (22,412 c,c.) of gas. 

Bor our purposes it is most convenient to measure E in heat 
units (gram calories). W e therefore need to know the value of 
a gram calorie in absolute units. 

1 For tie theory see Mach, “Prinzipien der Waermelehre ” (1900), 2nd 
edit, p. 309 (or transladoii). 

2 paniel Berth^lot, x. (1904), 621; ^dNemsIj idem ,, 

m. 


Tbe gas 
constant 
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This value depends upon the temperature at which it is 
determined. At present it is usual to define a calorie as that 
quantity of heat which will warm 1 gram water from 15° to 16°.^ 
The quantity of heat required to raise 1 gram of water from 0° to 
1° is greater than this by 0*06 per cent. This somewhat larger 
zero-point calorie used to be (till about 1880) preferred. In its 
stead Schuller and Wartha ^ substituted the quantity of heat 
necessary to heat 0*01 gram of water from 0° to 100°. (Ostwald ^ 
took a hundred times this value as a unit and called it K.) 
This mean calorie ’’ is very nearly equal to the 15° calorie.^ 
The mechanical equivalent of heat has been set by the Committee 
on Units of the Deutschen Bunsengesellschaft as equal to 
41*89 X 10® erg.^ 

We get from this — 

-p _ 0-83155 X 108 /gram-cal.\ , 

^ - 4i-^xT6« ' = ^ 985071^-- j—; 

We shall use later, in our numerical calculations, the abbre- 
viated value 1*98, which is very near the exact value of R 
computed on the basis of the 15° calorie, the zero-point calorie, 
and the mean calorie. 

The reactions (1) to (9) all proceed till they reach an equi- 
librium. Indeed, the characteristic of the equilibrium condition 
is that there the reaction will not of itself spontaneously progress 
in either the one or the other direction. That is, the driving 
force of a chemical reaction is zero at the equilibrium point. 
If we know the composition of the gas mixture at equilibrium 
for any given temperature, then for any other composition of 
the gas mixture ai the same temperature the driving force of 
the reaction is given by the distance from the eguilihrium point. 

We should at first be inclined to call the reaction energy 

^ Or more accurately from 15.J° to 16^°. Compare Warburg’s report on 
the unit of heat read before the Naturforscherversammlung in Munich (1.899, 
“Bericht uber die Verhandluugen,” p. 62). 

2 Wied, Ann.,2 

^ Lehrb, d. allg. Chemie, Ila (Leipzig, 1893), p. 72. 

^ According toBehn (Drude’s An7i,y 16 (1905), 653), the mean calorie is 
greater by 0*03 per cent., according to Dieterici (idem., p. 593), 0*2 per 
cent, greater, than the 15° calorie. Other figures are given by Planck 
(“ Thermodyaamik ” (Leipzig, 1906), 2iid edit., p, 31). 

^ Zdtschr.f. Elehtrochemiey ix. (1903) 686. 


The gas 
constant 
in heat 
units. 


Equili- 
brium and 
driving 
force of a 
reaction. 
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the total work ’wMch a chemical leaction can do during its 
. whole course. This definition, however, is unsuitable for 
theoretical treatment. 

Reaction The driving force of a chemical reaction changes continu- 
and^com- Odisly with the changing composition of the reacting mixture, 
position, riie nearer we approach the eq^uilibrium point where the re- 
action stopSj the smaller does this driving force become. We tahe 
as units of transformation, the transformation of such amounts 
as appear in eq^uations (1) to (9). Thus, in reaction (2), the 
change of one mol O 2 , two mols S 2 , into two mols HgO is 
the unit of transformation. The reaction energy of every 
infinitely small fraction of this unit quantity is equal to 
the driving force A multiplied by the quantity transformed, 
that is A X To get the total energy of transformation, we 
must find the sum of all the quantities k. x dx with the aid of 
the integral calculus, having first expressed A as a function of x. 
Such an expression would be awkward and involved. It is 
therefore better to consider the quantity of gas so great that 
the transformation of a unit quantity would have no appreci- 
able effect on the composition of the mixture, and consequently 
cause nd appreciable change in its driving force. We then get 
for the product of the driving force into the unit quantity 
transformed (that is, one mol) the value A x 1 = A, and con- 
sider this as the reaction energy. The value A of the reaction 
energy, therefore, characterizes only a single tiny phase in the 
progress of the reaction, during which the composition remains 
constant. It shows us, however, how far we are from the end 
of the reaction or the equilibrium point where A = zero, and 
this is tlie important thing. 

^CeasTire The reaction energy A tnay he expressed in any units of 

of leaotiOB. r • i t « ii 

energy, energy wmeh suit our convenienoe. In what follows, we shall 
always measure it in gram calories, taking for practical reasons 
as far as possible the 15° calorie as our unit of heat. However, 
the older data are often expressed without any precise definition, 
of the calorie used, and the possibility even of a sure recalculation 
is not always afforded by the data given, The smallness of the 
difference between the mean, the zero and the 15° calorie makes 
this uncertainty less trauhlesome. 

Hoy com- , Considering the composition of the gas as invariable duritig 
pasition reaction, we are at liberty to expr^s this composition either 
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in concentrations — that is, in number of mols per unit of may b© 
volume (litres) — or in partial pressures. The choice has a two- 
fold importance. If, for instance, we pass from conditions 
at one temperature to those at another, considering the com- 
position as the same in both cases, it makes a difference 
whether we express the composition in concentrations or in 
partial pressures. In the first case the concentrations remain 
constant, and therefore, too, the volume of the gas mixture. It 
follows that, on heating, the pressure of the gas mixture will 
increase. In the second case, however, the partial pressui’es, and 
consequently their sum, the total pressure, remain constant, and 
the volume will therefore be increased. We deem it simpler to 
take the concentrations as the determining factors of the com- 
position, and then to consider what small changes we must make 
in the formulae we develop, in order to use partial pressures in 
their stead. There is also a second point of view. If we^on- 
sider reactions in which a change in the number of molecules 
takes place, such as the formation of water or of ammonia from 
the elements, we find that it makes a difference whether we 
postulate a constant volume or a constant pressure, even when 
we restrict ourselves to the consideration of reactions at one 
temperature. If we denote the numbers of molecules by 
v\ v\ ; considering the number of molecules of dis- 

appearing substances as negative, we have, for instance — 


2H2 + 02 = 2H2O 

/ = ^2, = ^1, 1 ;'" = +2, and = -1 

N2 + 3H2 = 2NH3 

= — 1, v' = — 3, v” = +2, and = — 2 

then at constant pressure the volume increases during the 
reaction by Sv' X v (where v = volume of a gram molecule).^ 
External work is therefore done on the atmosphere which at a 
constant external pressure, p, amounts to (Sy')jp'y. At constant 
volume this expenditure of work does not occur. We shall see 
later that this expenditure of work may be eliminated from our 
formulae, and consequently does not interest us. At the start 

1 In both examples the change of volume is, of course, negative. 

2 jn ‘both examples the work done is negative. The gas mixture then 
has work expended upon ih 
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wo shall make its consideration uiiiimwsnry hy d. iiiiiiiu !lt»* 
compositions by concentrations cxjntsssutl in no'is ja r 
and always adhering strictly to tlic ruU' thut m rr.ry fifunji 
which we may ooneider the volutne shall remain e»ti»lanf. 
n(>ac.ti..n Tho position of this equilibrium is d.-i*mdiml n}«*» lb.- 
aSdton- tomperature. A mixture of gfwos vvhiiii is in cquiUbritim :t! 
poraturo. one temperature will not in general bo so at aiiollu'r trwja t** 
turo. The quantity A which measures the iHalam e fr**«s 
equilibrium would have no definite mcauiiig if we n)h»»eil ilie 
temperature to change in a gas mixture during the te:»« li«*n 
phase we were considering when there was im jssriejUibh; 
change in composition. If, in a reaction such a* fin? fotiiml u»n 
of water from a mixture of oxygon and hydr»^n gas, w»» iiiiagim' 
that the process is resolved into an infinite mimlwr «»f stwy 
small stages, then the composition nn«I this t«*ni|s;rnl»m} t<»«> 
woriid remain constant in each sejiarate stage, las-ntiw only im 
infinitely small amount of gas ■would 1i© tranaformwl, anil coiiw* 
quently only an infinitely small amount of Iwsat ItlairuUsl. **» 
that the temperature would not pcn^ptihly change thretiglioiil 
the whole mass of the gaa If, i^in, we consider tho quantity 
of the gas mixture so groat that the transformation of a mol 
produces no appreciable change in the coinjjwiUon, wlioni 
soquently the value dse can Im taken as eiinal to I, wo al#* liavo 
a condition in which the heat evolvml in tho lra»»*f<'iwtttiofi 
of a mol becomes vanishingly small, r«»r tho. riaclion hoat is 
distributed over tho whole mas® of gas. The rmetim rmr;fy A 
&im applies only whm the compodtion and ttmimrntwre «/ fhn 
reoamy gas mixture rermin comtant. 

Beac«(Hi If we comptHce the <anditions umler which llio rwii'iion 
enei^ A, as defined, is to he detemiinwl, with tlicwo w»i»* 
ditions recognized in thermochemistry under which the refluslion 
heat is determined, we ate confrentod wtUi an iniisulattl 
difference. In tlie ais® of tlm reaction hmt, we make suw* dial 
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1 Two principles find general aj^licaUion In «ador!metfy of p* 

According to one, the reaction Is made to tab place in a veawfi »itnrc»«ihiM 
by a large beat reservoir, usaaHy a water-bath of known bat capeity, and if.# 
tke <£ temperature in this, sddewa amoanting to irwre tlian a few j» 
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li Hill iitatl4*r if w>mc time (Uu-ing the nmetion the 
H'.iriijig luixtiiire w hmteii UMi»|KimriIy to a higlusr kimjKsraturo, 
for, ;M'«'or4iiif' to ruiulnttMtukil prineiplos, the heat (ivolvod is only 
♦h'jtoiuioiit »tu the iuilial aiui final stages, and in the case that the 
iniihi! and final temjHnatimw are identical, it amounts to the 
ill the end as if the ti'mjKsraturo had remained constant 
111 ! tl«f while during the reaction. Changes in composition 
iluriiig the imetion are iiennisaihlo in the determination of 
the rvaction heat, but not in the measurement of reaction 
emsigy. From the exi»erimental standjKiint, the reaction heat 
when a very small quantity, dx, was transformed could not be 
aeiniilly determined, liecause it would bo so small. The fact 
that the ri'actiou heat, esiiccially in the case of gases, is inde- 
lamdeiit of the comjxisition of tlio reacting mixture is decisive 
evidenoo that we can here neglect entirely the effect of changing 
coin{MHiilion. The reaction energy of the combustion of an 
oxygen-hydrogen mixture olianges when we dilute the gas 
mixture with nitrogen, while the reaction lieat remains 
unchanged. 

liCt us tionsidcr a reaction at constant temperature and Eoaotion 
fonijMisitioii, in which neither mechanical nor electrical work is aoormp 
done, so that the heat evolved is a measure of the total energy of tho 
change of the piocim Since heat is liberated, the total energy energy, 
of the reaitting substances evidently decreases. If the reaction 
heat, which we measure in tho calorimeter, is independent of 
llio cijm|Kwition of the reacting mixture, then it reinesents 
w'ithout any further correction tho decrease in the total energy. 

(With dissolvetl 8ulwtanc.eH wo must test this independence from 
iswc to c‘iiw\ This h easy to do, by simply testing in succession 
cjich Huhstamas taking part in tho reaction to see wliether a 

th« lijmitcrntHO!, If, tlicii, the tompcratiire of tho water-holdor is raised from 
Uf* logo* I>y the resethm, there is no olyccUon to assuming tliat the oliserved 
VttJnc corrcsjuirids witli nil desired accuracy to that which woidd bo obtained 
had Uf« cahiriimder a heat oipacity a thousand times as great, and the 
lifitialatid fine! iein|»tratttrc had been 14d>9r>° and IS'OOS'’ respectively. Wo 
(lave, iliiirufori*, nMiasttrcd tho reaction heat for the reaction taking place 
i«»tlwr«ml!y at 15'’. Tho second principle has boon embodied by Junkers 
(ISiadi, Jmrnul /lir Oa»liA. u. Wamm-mmirgung, 1898, p. 81 ; Halier, idem., 

1897, p. 751) Id a calorimeter which is very convonient for the technical 
stu»!y «f gases. Here tho reaction products are cooled to exactly the initial 
teniperalnre by flowing water, on tlio principle of counter-currents. 
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Determi- 
nation 
of tlie 
reaction 
energy* 


change in its concentration causes an absorption or evolution of 
heat. If no such heat change takes place with any of the sub- 
stances, the reaction heat is independent of the composition. If 
such ''heats of dilution” do appear, we have to determine to 
what extent they compensate one another. In the case of gases, 
the heats of dilution are very small, and for our purposes 
negligible.) The heat change corresponding to a unit amount 
transformed, as above defined, is called in thermochemistry the 
heat of reaction, or the reaction heat {Wdrmetbnung). For this 
thermochemical (Quantity we shall from now on use the symbol Q. 
For the decrement which the total energy undergoes when unit 
quantity is transformed at constant composition, we shall, accord- 
ing to the usual nomenclature, write the symbol U. The 
difference in the symbols will remind us that putting Q for U 
always involves the assumption that the change of the per- 
centage composition does not alter the reaction heat. 

We estimate the driving force of a reaction in synthetical 
chemistry by a sort of scientific instinct. We speak of stronger 
and weaker chemical reagents without measuring this strength 
in any specific units. 

In natural science we usually measure forces by opposing 
them with other known forces. "V^enever the opposing force is 
of the same nature as the force to be measured, this method of 
determination is easily comprehensible. But while we can easily 
measure mechanical forces by the use of a balance and weights, 
and electrical forces by means of compensating and opposing 
electrical forces, it is not possible for us to measure the driving 
force in chemical reactions with opposing forces of a chemical 
nature. We must therefore make use of ^ssimilar forces whose 
connection with the chemical forces is not seK-evident, and con- 
sequently not so easy for us to comprehend. Such unlike forces 
can he either of a mechanical or an electrical nature. Mechanical 
oppoang forces cannot be employed nnless the reaction is 
accompanied by a change of volume.^ For only in such cases 

1 Considered more exactly, opposed mechanical forces are not at all 
applicahle to the measurement of the reaction energy of ideal gases, bnt only 
to the determination of the eqralibrinm point under various pressures. A gas 
reaction may be imagined to take place isothermically in a vessel with a 
movable piston, and the opposing pressure which at every instant it can 
compensate may be determined. H the vessel and the contained mass of gas 
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are reactions influenced by a change of pressure. Opposing 
forces of an electrical nature can be well employed in many gas 
reactions. For instance, the formation of water-vapour from 
oxygen and hydrogen, or of hydrochloric acid gas from chlorine 
and hydrogen, can be so carried on with the aid of heated glass ^ 
as electrolyte in the first case, or with fairly strong hydrochloric 
acid in the second case, that they will generate electrical energy. 
Arrangements which make this possible are called gas elements. 
The counter electromotive force which we must apply in order to 
just compensate the electromotive force of such a gas element is 
identical with the driving force of the chemical reaction taking 
place in the gas element. With most gas reactions, however, this 
procedure is impossible. Usually the only remaining alternative 
is to find by chemical methods at what composition of the gas 
mixture the reaction comes to a halt, regardless of the direction 
from which the equilibrium is reached. We then know that at 
this composition the driving force of the reaction is zero, and we 
may calculate its value at other compositions by means of well- 
known laws with which we shall shortly become acquainted. 

If on the one hand we determine the reaction energy in 
the manner just described, and on the other the decrease of 
the total energy, then of course these two quantities might 
accidentally be equal. In general, however, these quantities 
have different values. The difference is most striking if we 
consider the last of the successive phases of the reaction — 
that is, the one at which the distance from the equilibrium, 
and consequently the driving force, is vanishingly small. The 
decrease of the total energy U is here just as large as ever. 
This decrease, however, can only give us heat, for the driving 

is so large that the composition is not altered by change of unit quantity, then 
the opposed force just compensated during this change remains constant. 
Then, however, the work which is done against the opposing force is for every 
newly formed gas mol and quite independent of the nature of the reaction 
and of the value of the opposing force, i,e, of the value of the pressure jp. If 
we change the composition of the gas mass, and consequently its reaction 
energy, the pressure f becomes different ; the work pv, however, is the same. 
This means that the experiment only gives the position of the equilibrium 
point at the pressure jp. 

^ Till recently, it has been assumed that water containing acid or alkali 
could serve this purpose. However this so-called “ G-rove’s element ” has 
been proved to be incorrect, as will be seen in the Fifth Lecture. 


The latent 
heat of 
reaction. 
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force of the reaction is gone, and with it the possibility of 
generating electrical energy. If, in the element just mentioned, 
where hydrogen and chlorine combine to form hydrochloric acid, 
we choose such a concentration of chlorine, hydrogen, and hydro- 
chloric acid gas that the system is infinitely near the equilibrium 
point, then 4116 electromotive force is infinitely small, although 
the reaction heat (corresponding to the formation of two mols of 
HCl) has now, just as before, the high value of 44,000 cals. By 
choosing various relative concentrations, we are enabled to give 
all possible values to the difference between the reaction energy 
A and the reaction heat Q. ^Further, at given concentrations, 
this difference is dependent on the temperature we choose. 
Every isothermal chemical reaction which proceeds with the 
production of the maximum amount A of work, is connected, 
according to temperature and to the concentration, with the 
app%arance and disappearance of definite quantities of sensible 
heat. The whole application of thermodynamics to chemical 
processes hinges on this point. The development of chemistry 
is responsible for the fact that this connection never occurs to 
us in the case of ordinary chemical reactions, while it appears 
as wholly self-evident in the very closely related phenomena of 
change in the state of aggregation. In chemical reactions we 
are always inclined to assume that the reaction energy (which 
we measure hy the amount of work which the process can 
do, as above set forth), is equal to the total energy change 
which we measure in the calorimeter. On the other hand, 
in the case of a simple change in the state of aggregation, 
we consider the very reverse as self-evident. In principle, 
there is absolutely no difference between the two classes of 
phenomena. 

Com- Let us imagine a large vessel, closed by a movable piston, 

water at a temperature of lOff^. There is water- 
above the water, and this, acting against the inside 
surface of the movable piston, is in equilibrium with the’external 
atmospheric pressure.^ An increase of this external pressure 
causes the piston to sink and the water- vapour to condense. If 
we lessen the pressure, water will be converted into steam, and 
the piston will rise indefinitely, provided only that there be a 
sufficient quantity of water present. In both the former and the 
latter case it is assumed that provision has been made for the 
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ul»KtitM‘ti<»n or introduction of boat in such quantities that the 
tcni]>eralure is kept constant at 100“ When a mol of water 
vajMHir cotulonscs, an oxtmonlinary quantity of heat, arnoxmting 
t»> 9(550 gram-cal., is set free. When a mol of water-vapour is 
foriHod from liquid water, the same quantity of heat is absorbed. 
Thu fact that in the formation of the water-vapour a small 
amount of work for one mol, i.c. 746 cal, at 100“ 0.) is done 
by the piston rising against the pressure of the atmosphere is 
uniiuiKjrtant, for this amount is negligible in comparison with 
the 9(550 cal. Overlooking, then, this small quantity, we must 
admit that the heat of vajKjrization corresponds exactly to the 
total energy change in a chemical reaction taking place at, or 
very near, the equilibrium, which gives no work. When a 
change of state takes place at constant temperature, and sensible 
heat is absorbed or evolved, we say in everyday phraseology, 
according to the direction of the change, that in vaporization Ifeat 
b^mes latent, and in condensation heat reappears out of the 
latent condition. In the same sense, we can, with Helmholtz,^ 
speak of the latent heat of a chemical reaction, meaning thereby 
the difference between the maximum electrical or mechanical 
work A which wo can get as the reaction progresses at constant 
temperature and constant composition, and the accompanying 
decrease in total energy, U. The latent heat of a chemical 
reaction, then, is that amount of sensible heat which appears or 
diaaptiears when we cause the process to proceed furnishing, the 
largest poiwible yield of electrical or mechanical energy. On 
the other hand, it should Ikj recalled that the decrease of total 
energy is equal to the heat which is evolved when we allow no 
electricid or raechaniod work to be done. Both quantities are 
equal when the transformation is incapable of doing work (that 
is, in the case of chemical equilibrium). Otherwise they differ 
by the value of the reaction energy (work obtainable) of the 
reaction. This gives us the expression — 

A-U=-2 (11) 

Here we use — to designate the heat which is used up, or, in 
other words, " becomes latent.” ^ 

* Vorlf'snugcn, vol. vi. “ Theorio der WUrmo ” (edited by Eicharz), p. 28 G 

1903). 

* In tilths leclnren, heat or work taken up by the reacting system is 
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According to another mode of expreHsion, liknwiiic originat- 
ing from Helmholtz, A is culled the dccreaw! in fav. t-iiorgy, f 
the decrease in bound energy.^ 

Just as the latent heat of vaporization of wator olmngon with 
the temperature, so the latent heat of a chemical nmetion i>t also 
dependent on the temperature. The fact that the latent heat of 
a chemical reaction is also dependent on the cotiijtoHition of the 
reacting mixture is the only point of dissimilarity. A cliangi! in 
composition is evidently imimssible in tlie cose of a more change 
of state of a simple substance. 

Diieot We are able in some cases to directly moaanre tlu* hitoiil 

meaanre- qJ reaction in a calorimeter. We cum, for instancy, allow 
the latent the reaction to take place m a galvanic ccsil imiaorsinj in n. 
calorimeter, and put the resistances in which we cuiivort iu 
electrical energy into heat in a second cailori meter. W« can con- 
nect the cell with the resistances by means of thick wircM aimoiit 
devoid ofresistance, so that no appreciahlc electrical energy shall 
be converted by them into heat. Wlientheeletnentni;ls, weohtaiti 
an evolution of heat in the first calorimeter which ropremmis the 
quantity 2. We must, however, make a small correction for the 
heating effect of the current in the coll itself, this eorree.tioii 
being easily calculated from the resistance of the cell aiwl the 
current which passes through it. In the second calorimeter, on 
the other hand, we measure the reaction eneigy A in heat units. 
If we place both cell and circuit in a singlo calorimeter, instmit 
of in separate ones, the generation of heat is the same as though 
we let the reaction take place in the calorimeter without 
electrical assistance. It corresponds, therefore, to the value of 
Qor H. Jahn® has, indeed, carried out ex{)erit»i!ntti of this 
kind with success. Gas reactions were not chosen as ifsamplca 
in these expmments. But so far as the principle is concerafHl, 

conatoed negative, heat given off, or work done by the reacting *y«t»»i, 
considered positive. According to (11)— 


A + g=U 

£ teaUvdvT? ^ 

^ StkyngOerichte Berliner Ahad. flSSSl 1 n ‘ia- «ti<l (Mteat.iv 

Alossifer, No. 124, edited by Planck ^ ^ 

18 (1895)5'.'*' W6), p. |H<» i Z Vkm,. 
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lln*»« isi nothiug ill Umway <»f carrying mit an oxjHiniiunifc of tliin 
kind with g»* mint iona; tins formation of hydrochloric acid from 
hydn^cii and chlorinr, for iimliima*. FortluH purposo wo, Hhould 
have to |»iisH hydrofoil and oliloriiio in at the oloctrodos of a 
Hiiitahlii twll, uiul thou nsinovo ^luasons hydnichlorb acid from its 
wmianitraUfd solution, whicli forms the itlocfcrolyte, as fast ns it 
was formwl, so that the (mjU would lose as much hydrochloric 
acid hy ovajsiralion as it gained from the union of tho gaseous 
idfttients of the alectroiloa. The n«ult would lio an isothermal 
funnnlion of hyditKddoric acid with the production of electrical 
ennrgy, which in .turn would revert to heat in the second 
Cidorinieler, ami would Isi measured as such. I'ho inonj tiom- 
[detely we were tdde to avoid disturbances — such, for instance, 
as the jsilarizntion of the electnales— so much nearer would 
the actnftl voltj^je of our cell appnsich its true electromotive 
force, But the electromotive force is oipial to tho driving fJree 
of the cbeniieal reaction talcing place. In the limiting case, 
where our electrodes arc uniKilarizable and our cell is of 
vanishingly small inUOTuil nmistance, the clectripal energy given 
off is espial to llin roaetion imeigy. If chlorine and hydrogen at 
atinosplu'iic pressure he taken, the tomjieratim) kept at 30'’ C., 
and if the vajwmr jtressHre of tho hydnaddoric aisid over its 
normal solution acting as electrolyte has the value corrosiKind- 
ing to this tempemture, then A, lusconling to Dolozalek’s' 
delerininaliirti, equals, for the fommtion of one mol hydrochloric 
acid gas, +22,r»()9 gram-cal. The heat change observed in the 
flwt mlorimeter, or q, then amounts to — 609 cid, Tho sura 
A+//, that is 22,000, represents tho well-known heat of forma- 
tion of one mol of hydr<Hddoric acid gas. 

The uw of inon* dilute hyilrogen or chlorine or a higher ten- 
sion rtf hyiirordditric! acid alstve the solution, which would result, 
for insliiner*, from the use rtf a hotter ehsctrolyte, causes A to 
sink in vaUir* tiiid q tr» riw!. On the other hanri, a higher pres- 
stiro of thir gjosstus factors ami a htwor pressure of the re.sultaat 
hyrlrorhlorif aciri gas causes A to rise ami y trt fall. Tho sum 
A +• Imw iivtjr, is iiluaya wjual to tho roatstion heat, which is 
not |s*ri'«'pfil»!y afferitwl l»y those changes. 

Our prrdrlem, then, is to dotermino the conmartion between r.ttt(!«t 
the hituHt heat q iiml the tcmiMimtnrc and coinpo.sition of 
' /. mrniis, U ( 1 89 «), m. 
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mixture of reacting gases. Wo will first solve that jmrl of tlw 
problem connected with tho temimraUiro, am! wa will do this 
in two steps. First, in view of the connection Itctwccn InU'iit 
heat and obtainable work as exprtiSKod in etjuatitm (11), h‘l u* 
take the simplest possible case where heat InHionnrs lafciit .aid 
work is simultaneously done, and find out what c:oinit'fiioii 
obtains between the latent heat and the teiii{x.*rature. Thti 
second step consists simply in showing that the same relaliuji 
holds in all cases, because it is inhci’cnt in the nature of hmt 
and work. 

Change in state of aggregation is not, as one might think, the 
simplest case in which latent heat and work occur together, for 
. here the two states have different total energies. But tlie s!tn{4@ 
expansion of a gas, where, according to ex|)erimeiits of (Jay 
LiMsac,^ the total energy does not change, answers our reriuire* 
ments. The total energy of a given mass of gas is mads up of its 
chemical and heat energy. It is clear tliat as long as tho go* 
does not change chemically, its chemical cneigy remains constant. 
The fundamental experiments of Gay Lussac have shown that 
the heat energy is not altered by changing tlm volume of the gas, 
provided no work is done. To prove this, he connected a lat]^ 
vessel (I.) full of gas by means of a stopcock with an evacuated 
vessel (II ). When he opened the cock, the rusheil over into 
the evacuated vessel Expansion took place in vessel I., and 
the gas became colder, as it had to cominress tho first {sirtion 
of the gas that had rushed over. On the other hand, t!i« 
temperature in vessel No. II. rose, because these flwt |sirtioits 
of gas were compressed by the following portioJis. After tlm 
pr^ure of the gas had become equalized, the half of tli« g»i» 
m ae first vessel was cooler thim the initial temperature hy 
e same ®^^t that the other half in the second vessel was 

the mean temperature of the whole mass of 

^ M n^ change as it must have done had the theriiml 
^ tlm ^ changed and heat been al»orbed or set fiw. 
ihe Gay Lussac experiment » was greatly refined by douk and 

“**>■ «'• * ■“> 
Mperinwut uid lafpr <m.-. l.y 

Memomde Wmte 11 

aemie, m (1852), 11, Compare ako the .Sixth Lwtwr#. 
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'rhii»is«i».‘ Titey fnrcod a coHstanl stream <>f a aimjirosHed gas 
ihrtmgli a jaiw of Iwixwtwcl, encla»wl in a tula? itniKtrmealjlo to 
TIh! jiressuro in front of the lioxwootl plug was I’ ; Itehind 
it, /*; that is, ihogiis expamledl from a higher to a lower presHuro, 

No heal was ahsorlMtci or given off during the [troeesH, and no 
w'ork was done ; tlufreforc, had the U»tal energy of the gas roinainod 
uncdianged during tim expansion, the tomjieraturo must havo laien 
the same twlilnd as it was in front of the plug. The experiments 
sh!>wial that this was not strictly the case, altlumglj the more 
nearly the gas iiscsl adhensl to the laws for an ideal gas, the 
Hiitaller wa.s the tdtange in tciajieraturo on passing through the 
plug. We may therefore say with all rigour that the Ujtal 
energy of an ideal is inde[)endent of the tetnpumturu, htit 
tiiat with actual gases there are small deviations from this rule, 
esjiecially at bw tein|)eraturo8.^ Yet for our pur|K)8e3 ^lo 
lieviatious ore entirely m^ligihlo. 

If wo DOW let a ^ expand and do work, keeping the iwithcrRial 
tempemturo constant, wo find that heat Isjcomes latent. 
Heinemttcnng that Uic total energy of tlio gas does not change 
with changing volume, we conclude that the heat which 
Is'comcs latent, that is, was nstsl up, is the equivalent of the 
work »ione. To contdude otherwise would bo equivalent to 
saying that etiergy hod either vanished into nothiitg or had 
been created out of notliing, and that the principle of the con- 
servation of enetgy bail Iteen violated. Now we can easily 
detfimdne the amount of the work done. When a gas expands 
at the pressure p hy tlie infitittely stnall volume dr, an infinitely 
small amount of work ® is dotn!, and — 

,IA ® [Hfr (12) 

I£T 

If, making h«! «if equation ( 10), we replace p l>y ^ , wo Imve™ 
dA m s l£T.//;n> .... (i:i) 

« PMt. Iht-m. tlMf. Hm-. I.,, mi., ISiiJ}, 357; IK5l,:!uO j !H«2, 573. 

hmm tlm grmimt liiteruit lii mMimmilmm, Ifi 
lliii ffiiillind fiir Ifwi ©film air iltfietitls 

llmiii. Ill tliii mmmmi plmv^ a itiiily tlt^ tlif lailiifiii ii lliii cirily 
iiitmrii «l mtr hf ibtitruilfiliig tlw zero cif 

t«iit|wttifrt, fif wlifcli w© »|»k«i At tlw Iwgliifiifig ©f Uiii 

* Wurl m Mm x f©rc# « pfmmum n trt«; wliiifiit aroii 

X iltlittc#. 
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The continuation of the isothermal oximiisiiiit vliitili 
the work represents the sum of all tlie«e 
quantities ^Tdlnv. If the initial voluiiiii ho t iiii*! llin 
final volume we can easily find this siiiii hy iiioatiB «f fliii 
integral calculus {In signifying natural logariiliiii) tlifw— 

A = EtJ dlnv = . . I M) 

Eemembering that hero the work done U iclcmiieitl wilJi llm 
heat which becomes latent, we get— 

A = imiC=-q .... (ir.) 


This important formula does not by any inoatm sny tinil llw? 
work A must always be done wlien a gas expands i»itht*rtii8Jly 
from the smaller volume v to the lai’gcr volutno r'. Wo tally 
need to call the Gay Lussac experiment to minil in order to oee 
that the term A can- become equal to zero. Kvory ]io«iil4e 

value of A between zero and is not only conceivable, but 


attainable. The value RT^w^ is, however, a luaxitiiiitri one. 

If we try to bring the gas back isothermally from the greater 
volume v' to the initial volume v, we need to oxjioBd 
more or less work depending on the efficiency of onr 
pression machine. But here again the minimum value of tb® 
wk required is A. The maximum production of w«»rk bi 
erefore that which accompanies a proceas biking plare 
xev^bly. It represents the ideal limiting case of aotnal work 
projtaction wHch only a fridionless compreseion inacliliM) conbl 
realize, and then only when we took care that the acting siid 

® amount at any 

the Mmopn,™*. tali 
St iy to«nltely .nmllM- 

Zme WtW Mid «,„1 volumM .m 


A + tt=Sff + dT)j,^= 
Subfeactmg (15) from (16)__ 


(W) 


. . ( 17 ) 
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If/A ,,, V 

t>r „„ SB Iwt 
III p 


■ (IH) 


On the other. hand, wo get fiom (15), dividing through hy T- 


It follows from this that- 


or, differently ex|ir«H8od. 


I - lJ/«' 

I 1) 


q dA 
T “ f/T 


-p'/A 

I,/-,’ • 


(ID) 

(20) 


Kttnatiou (20) gives us an exiiression in which tlus latent heat is 
oflUttUHl to tlio |»roduct of tho ahsoluto tenqioruturo and the 
“ tomperature coefRcicnt.” This tcmiieraturo cocflioiont tc- 
prosonts the inoroinont of work which wo gain when wo carry 
out tho aljovo process at a toniporaturo higlmr by an infinitely 
small amount //T, divided hy tliis toini>cnitnro difforonco. 

It now romiiins for m to slnm that this rolationHhi[> is not (toiuinil 
winditioned hy tho jtroptnties of tho gas, hut is inherent in tho J‘l'i'jty7,f 
nature of lumt ami work ; tliat it applies to all latent hosts so rifjimtitm 
long as wo restrict ourselves to isothermal procossiw yielding ' 
the maximum amount of work. To this end we will represent 
(Uagmuiatioany in Fig. 1 tho procedure wo have just carried 
through with a g^. W© will assume that the perpendicularly 
shaiidi an» nsprcaajnts work which wo jipiin when we lota mol of 
gas expand from » to »' at a temperature T + (/T,and starting at 
tJjc pressure p + dp. Tiion let us consider that tl»a tornporaturo 
is dcsTTOSisl to T by tho abstraction of an infinitely small quantity 
of heat//i/,nud Uiat tho process is now made to go in tho rovorso 
diroc-tion with nn «x{Hmdituro <»f work reprcscutojl hy tho 
ohliqiiely sititdeil aroa. liaising the tomjHjratim! hy the amount 
f/T hriugrt us l«tck to the stnrting-istint. The heat used up at 
T + rf'f we got hack at T. The infinitely small amounts of 
heat ttbsorlssl iind given off in tho process of IwfHting and 
cooling eiHccl. There nmiains only the infinitely small quantity 
of work dA, resulting from the falling of tho lieat q throngh tlie 
tenqiomtHrc intitrval f/T. This is represented in the diagram 
hy the nanraw hand containing only vertical slmiling. Now let 
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us imagiiie the same process carried out, not witli a gas, but 
^vith any desired system. Our sole condition is that the 
process shall produce the maximum amount of work, and that 
thereby the heat g shall be absorbed (become l^ent). Any 
desired changes of the total energy are permissible. Nor does 
the work done need to be mechanical, it .may be electrical. 
Here, too, the final result is that everything returns to its 
original condition except that g has fallen in temperature by 
the amount c2T. If in this second case a different yield of 
work were obtained, it would be possible to construct a 
perpetual-motion machine. If, for example, the work yielded 
by the second system were greater, then we should first execute 




the cycle with it and obtain the work c?A. We should then 
repeat the cycle in the reverse direction with the first system, 
and thus raise g back to its original temperature T + c?T, with 
a net expenditure of work less than c?A. The result would be 
that a certain amount of work would remain over without the 
temperature, or any other property of the substances concerned, 
having in any way changed We should therefore have created 
work out of nothing.^ It follows from this that the relation (20) 

1 The fact that foranila 20 applies not only to gaseous processes, but also 
to aU processes in which heal and work are coupled together, coustitutes the 
so-called second law of th^rmodynamica. This second law cannot be 
deduced from the first law (conservation of energy) aZow-e, though it may 
seem to have been done so in the above proof. Indeed, there is an assump- 
tion concealed in the deduction,, which has nothing to do with the law of 
conservation of energy. This assumption, which will be more fully enlarged 
upon later, is that the temperature is always reckoned from the absolute zero 
point 

If the quantity of heat g Ms m temperateire by OT, as explained in the 
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to ttll aiy»lo!iif», urovided the change takes jilacc al 
C(»n>>tai»t t4}i»|it*rat»iro ami with the production of tlui niaximnm 
animmt of work. This permits us to suhstituto tHpiation (20) 
ill mir fundarmmyd i^puition (11), and to write — 

A-U»Tj,^ (21) 

W« CMiii riiiikii 11 »Ii||Iifc chango in l\m matlicKl of writing tluB ig Hj© 
whirli %vill mirve t«> rennind mh that the hurting and liurtiiU 
eiMiling rfr in alwayn cemsiden^d an taking place at 

CMiiintiiiit vtdniiie. Tlii« a«sumj)ti(m of conBtant volume was with rc- 
iiiimIci ill tlie derivatioii cif tlie axprasBion, and is of imp<)rtonce/i^*‘^'^ 
Imiciiiimj it iiiiy work lieing done by the lieating or 

a ptrt % «»f ll in tiMil tip and converted into work. Thk quantity of 
licmt In Hill itfiie In |irocif«4i» I, and If., dnoe Hi© values q, T, and fiT ar§ in 
Iwitli |iriiceiiii« 0 |tial hy iiip|>o«ition, and arc connectctl by the eixpregsion*— 

= T ; riT (a) 

Tliii cipreiiifoii m Mach liaa thoroughly dcinonstmted, to all foruiH 

of energy. In iivitry case wlicrc a fjuantity of energy e at a eoustnnt value i 
of itn iiiloiisily ficlor ** cliiiti^eH its fontt, the cxprcHHloU'— 

c I dc ^ i I di (/i) 

lioldfi good. N*iW, iiccording to the flrut law, wc have--* 

— rIA * dq 

Froin tiiiii fiirttiiik 20 olivinitiily follows without any coimidoriition being given 

to tlii ft|i§cliil prci|»f.^rlkm of heat. 

Willi all lithtr forriiii of energy i may be reckoned from any arliitrary 
wro fMiirit, wlillo with limit it In only po^ihle from the abKolutc ?;ciro 
fioifitf If Ifni rnxim’mhm o In to agree with experimental evidence. If wc 
eliiirige the /ero fioifil froiii wlihdi i k reckoned in ci|uation /#, da will hecorne 
dillereiil, tlioiinh ** and d$ rofiinhi the aanie. If it i« only allowable to reckon 
T fi ofii llio point, dq will always have an uneduinged value for 

itiiiiir id q iiiid *IT. All indirect proof of thlii find k generally con 

In proccHscu I. and IL dq lia« tlie dffTercnfc 
Vfiliieii «!-/' itipl til# corrcspiiruling work must ho dk^ uiul dk*^. 

If now L and IL arc combmmi, m that omi alwfiyu takoi 

llmt forif4f4'« iii*l tliii ollt«r backwards, any amount of liist wii phiaso 
may In* o|piii^i?d into woik without anything oliCi imdii^rdiig pruiancint 
rliaiigc. Till? iiii|we<ft||iillty t tliii, which will Im tnkrgiid upon in tlifi Thir<l 
Lrfdiiw, III the Ilf grficntl cxfiiricnm!. Tliui, (kf and iff must \m 

ri|SiaL liww«v<ir, from Iheac hidirwt proofi notidiig riiorii ttmn 

III# «f rcckoiiltig T from. « 27^ 0, l» provid, It «iimi iliiiplcir to 

li**rc ffofii llik a»t»ii|iticin, inti later to explain Ita lriii|iortfincii rnora fully. 
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Integra- 
tion of 
equation 
( 21 ). 


cooling through the interval which could disturb the balance 
of heat and work in the cycle. That is, we can simply use 

the notation for the temperature coefficient. This shows 

us that A is dependent, not only on the temperature, but also 
on the volume, and that during the change dJl the volume is 

kept constant. j therefore, represents the partial differ- 

ential of A with respect to T. So we can write — 




It will be useful in our later discussions to slightly re- 
arrange this equation, transposing the members, and at the 
sapae time dividing through by T^. We then have— 


1 ^_A__U 

T ^ rfT ~ 


Further, by the elementary principles of the differential 
calculus — ^ 


and therefore — 


dT ■“ T ^ dl 


dT 


( 22 ) 


Integrating this expression, we get — 



(23) 


Here, instead of the constant which appears in the integration 
of a complete differential, we have a function f(v) of the 
variable (volume), which was assumed constant in the differ- 
ential, We can further tmnspose (23) into — 

A = Tx/0^)-Tff,dT. . . . (24) 

If we replace the change in the total energy XT by the reaction 
heat Q, it follows that— 

A = Txf(v)-Tj^dT . . . . (25) 
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Thus the quantity A is dependent on the heat of reaction, 
the temperature, and the volume, and because of the very nature 
of heat. 

This expression is not immediately applicable, because we 
do not yet know anything further about the volume function 
f(v) or the integral — 

We shall concern ourselves further with them in the Third 
Lecture. Here we shall simply consider a little more closely 
the relation we have just derived between heat and work. 

If, remembering equation (15), we write — 

-q = Rm— 

and ^ 

-q' = RT'fe- 

it follows (for processes where U = 0 or independent of T) 
that— 

^ = T : T' (26) 

This relation says that the latent heat of an isothermal process 
yieldiug the maximum amount of work is proportional to the 
intensity factor of its heat — that is, to the temperature. If, 
then, we leave everything as it is, and simply exchange the 
temperature 2T for the temperatue T, then the latent heat, that 
is the heat converted into work, would be twice as great. This 
exceedingly simple relation also exists in energy transforma- 
tions of other kinds. When we use the energy of position 
which a lifted weight possesses to drive clockwork, and by 
it an electric motor, the height through which the weight falls 
represents the intensity factor of the position energy which we 
transform into electrical energy. We see immediately that if 
we let the weight fall twice as far, we consume twice as much 
position energy. When we send a certain quantity of electrical 
energy at the voltage E into a circuit where elec trical enei'gy 
is converted into heat or mechanical energy, evidently the 
doubling of E, the intensity factor, doubles the consumption of 
electrical energy, provided none of the other conditions are 
altered. The relation expressed in (26), therefore, represents an 


Peculiari- 
ties of 
latent 
heats. 
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Difference 
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laws for 
latent 
heats and 
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ntilization 
of heat. 


Conditions 
governing 
Sie iso- 
thermal 


entirely general law. It has, nevertheless, a specific peculiarity. 
When the weight sinks, the intensity factor is represented by 
the difference of height (between initial and final position) ; in 
the electrical example, by the difference in potential at the ends 
of the circuit where the energy is used. But in the heat-work 
processes, where heat becomes latent, that is, where heat is 
used to do work, the dbsohtte temjperatnre must be taken as the 
intensity factor, and expression (26) becomes incompatible with 
experience when we choose any other zero point for our tempera- 
ture scale. We can express this in another way by saying that, 
in the case of heat as well as electrical and mechanical energy, 
the difference of the intensities is the determining factor, but 
in the case of heat, we must reckon the difference between the 
given temperature and the absolute zero point, while in other 
energies we may arbitrarily choose any relative zero suitable 
to '"the conditions of the experiment. So far-reaching is this 
difference that we have absolutely no conception of an absolute 
zero of position energy or electrical potential. It is, of course, 
a pure convention to take the sea-level or earth potential as a 
zero point. Weight can sink below the level of the sea, and 
potential can be negative relative to the earth. Conversely, 
the absolute zero has acquired such importance in heat-work 
processes, because of the relationship expressed in equation 
(26), that temperatures are exclusively reckoned from it in all 
thermodynamical calculations.^ 

The theory of practical heating processes often makes use 
of an expression similar to the one we have just considered — 

w : w' = t : f 

where by w we understand the heat which a body contains at 
f 0., and by that which it contains at C. The meaning of 
this expression is, however, entirely different. It has nothing 
to do with heat- work processes, but simply with heat transfer 
without the performance of work. Tor the purposes of this rule, 
therefore, temperatures can be just as well reckoned in degrees 
Celsius as from any other arbitrary zero point. 

One observation still remains to be made with regard to 
the conditions under which sensible heat can be transformed 

1 See Mach, ‘‘Prinzipien der Warmelehre^’ (Leipzig, 1900), p. 328; 

Ueber die Eonformitlt und die Unterschiede der EnergieB.” 
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into work at constant temperature. It is that some process of 
dilution, such as we have just seen to occur in the case of the 
expansion of a gas, must always take place. Every such 
dUiition is naturally limited, for it will only continue to pro- 
gress so long as the pressure, steadily diminishing in the course 
of the dilution, is greater than that of the surroundings. If no 
pressure differences existed, the process of dilution and the conse- 
q_uent conversion of heat into work would be impossible. How, 
where chemical reactions are taking place in gaseous, liquid, or 
molten mixtures, substances appear and disappear under certain 
concentration relationships. Every newly formed fraction of a 
reaction product must assume the concentration of the fraction 
already present. Every disappearing fraction of a reacting 
substance must relinquish a certain state of concentration as it 
ceases to exist. These unavoidable concentration changes are 
responsible for the existence and the importance of latent heats 
in chemical reactions. 

Eeturning now in conclusion to the expression — 

a = u- ^ = tj + t|J 

we shall be able to understand the significance of the member 
dA 

if we consider a contention made by Berthelot. Berth elot 


trans- 
formation 
of heat 
into work. 


The prin- 
ciple of 
Berthelot, 
and Helm- 
holtz’s 
criticism 
of it. 


maintained that U and A were equal if changes of state were 
excluded. He realized well enough that the latent heats 
accompanying change of state disturbed this relationship. But 
he erred in thinking that by excluding changes of state he 
prevented all latent heats from coming into play. Helmholtz 
therefore (Lc.) jpronounced Berthelot’s limitation as insufficient. 
Latent heats are only completely excluded in one case, and that 
is when the reaction takes place at absolute zero. In this 


case — 

A = U 


In every other case a difference is possible, its size depending, 
according to equation (25), on the concentration relations (f(v)) 
in the reaction, and on the temperature. At given relative 
concentrations the deviations are greater the higher the tem- 
perature. At all temperatures relative concentrations can exist 
at which A and U are very different. Practically, however, 
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concentrations vary only within quite narrow limits. If the 
substance disappearing in a reaction be so far used up that only 
1 ^ per cent, of the original substance remains, we call the reaction 
complete, and do not concern ourselves with the great difference 
between reaction heats and reaction energies in the transforma- 
tion of these last traces. At the ordinary temperature of about 
20° 0., which does not lie very high on the absolute scale 
( + 293°), and in the really important regions of greater con- 
centrations, the difference between A and U is not, as a rule, 
very great, and Berthelot’s rule affords a useful approximation. 
This rule, however, cannot be applied to gas reactions, for these 
often take place at temperatures which are higher by many 
thousands of degrees. 



SECOND LEGTDRE 


ENTEOPr AND ITS SIGNIFICANCE IN GAS EEACTION 

The expression — 

A = IT - 2 (1) 

which we have treated in the preceding lecture, takes an espe- 
cially simple form in the case just mentioned of a gas expansion, 
because the total energy of the gas does not change in isothermal 
expansion, that is, the quantity U is equal to zero. ® 

In the case of chemical reactions we substitute the reaction Reaction 
heat Q for U. This statement, however, is not definite enough, tempem- 
In the first place, it is clear that what we mean is the reaction ture. 
heat at the temperature of the reaction. Now, the reaction heat 
generally changes with the temperature. The extent of the 
change depends, as Kirchhoff has shown, on the specific heats of 
the substances formed and used up in the chemical reaction. 

If it were possible to carry out gaseous reactions at the absolute 
zero without having the gases suffer any change in their state 
of aggregation or losing any of their ideal properties, we should 
find a reaction heat which could be connected with the reaction 
heat at the temperature T by a simple consideration. That is, 
if we imagine the reaction to take place at the temperature T 
with a gain of heat Qt, and the resulting product to be then 
cooled down to absolute zero, we should obtain the same net 
amount of heat as though we had first cooled the factors of the 
reaction to absolute zero and then allowed the reaction to take 
place with a heat gain of Qo. 

If ^e(o,T) be the mean specific heat of the products between 
0® and T°, then the net gain of heat in the first procedure 
would be Qt + Tc^(o,t); in the second procedure it would be 
-I- Tcy(o,T)? where C/(o,t) is the mean specific heat of the factors. 

Since these two quantities are equal, it follows that — 

Qt = Qo + T(q/(;o,T) — ^<o,T)) ... (2) 
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Heat We must here my n wonl in ri*«itr4 tif-m wn-l 

capacity: gpgeific heats, ami the reliiliun Ij.-rtt ri,|.4. ju m-J i»««* 

true specific heats. Heat capacity may N’ I" '** at :l«5 

amount of heat which inimt !l«*w iiita a tuut .pi.inntv <4 .« 
substance in order to raise its twnutt ralnrc I li jI«* 

this q[uantity of heat as w, this dofuiiiittn u> ih‘t 

more precise statement that the heal * »}<:»« jt y , shat i*. 

it is equal to the quotient of the v»-ry siimll oe rrjm iit <.i h***»t 
over the rise in toiiijierutHro wliieh it rim ’!}*<• '•iinie 
quantity is also called tha true «|»eriiir hmi «.f « asm m ms at 
T®. Strictly sjieaking, the s|n»?itic heat i**, %•» I**' ««»ie, only the 

ratio between the above-mentioneil value, i»ni| the similar 

»ri 

vake, of a stondanl sulistance. Ihit siiire 1 gram <4 »»!«r 

at 15® is taken as the standanl auhst«««5i% for whi«’h 

unity, it follows that the ratio ainl llf* qnnniity ilaelf sre 
identical. The two expressions are, in faei, irw-tl interelaintife* 
ahly.’^ If wo represent the tree stN^ifle hoal hy *'■», then - 

e* X ifT ■ dw t^j 

or, since we can here just as well use t ‘«h»iiw diurcrK, no 
work process being involved, but only a jiurn transfer of heal 
from one substano© to another, we can write 

Ci,X lit m dw . . . . . . (Artl 

If we int^^rate this expre«>ioti lietween if t*. aiuJ I , «»r liriwewi* 
0® absolute and T® akiolttte, we — 

‘ For instenoe, see WttUnsr, “ Lehrluwli iler ««4 li., 

M edit (Leipsi, 1890), p. 169. Tli. W. {X.f. pAfi. ny.mK 3© 

S , 858) lays tews cm die rigansM deftoitiMi uf heat MjMriiy (*• 

1 by d^p%es), and at tlio Mute time Melo** line pfHj****! U> isko «# • 
unit of beat capwjity the capacity which fai wanned I’ C. I»y I j«»l« (l»»* i K I 
watt-second, m W erj;^ Me ^Is teb capMeity I mayw, end « 
times this capacity 1 kitomayer. IMi its into aey»rtptt» <4 

measurement which OstwaM has iMttMlncad In Hm tWid rnimrn ->( few 
“Gmndriss der allgemelnen Chewle,” a«c«inHii| In wliWi iW e«t»n« •*»? 
longer be the unit quantity ot beat, hut will he hy tlm ih#'f»i» 9 p| 

equiraleat of a joule. From a theoiWlcat pnitit irf view, iWa 
result in some raipliBoationa, bat as yet It baa met with m «rr«|.lai», c- 
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or 


rT 

X “ ^m(p,T) X T • . . 

Jo ' ' 

rt 

~ ^ ~ ^ot(o,i{) X • • • • ( 4 ^ 6 ) 

y 0 


Here c^(o,t) signifies the mean specific heat between 0° and 
T° on the absolute scale ; c,h(o, t) the mean specific heat between 
0° and f C. The two values are by no means always iden- 
tical. They are identical among themselves, and with Cy, 
when Cv) has the same value at all temperatures. On the other 
hand, if has a different value at different temperatures, all 
three quantities, Cm,, Cm(o, t), and c^(o, «), differ from one another. 
The simplest relation exists between the true specific heats and 
the temperature when the equation — 

= a + bt (5^ 

holds. If we replace t in it by (T — 273), we get— 

= a + &T - 5273 

If we call — 

a h X 273 = a' 

we can write — 

= a' + 5T {5a) 

In the first case we find, from (4^t) and (5) — 

f == f (cc-l- U)dt = {a + ^U) x t , . (6) 

./ 0 Jo 

in the second, from (4) and {5a) — 

l^c^clT = l\a' + bT)dT = (a' + ibT) x T . (6a) 

Jo Jo 


Comparing (5), (6), and (4a), it follows that — 


and 




=z a + U 

On the other hand, from (5a) and (6a) and (4) — 

Cm(o,T) = a' + 2^T 
Cm, = a' + 5T 


If, then, the true specific heat is a linear function of the tem- 
perature, it differs from the mean specific heat between 0° and 


^505 . 

3-4 1-36^ is/O^ 
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the tomi)erature in question, minply »«» iho isnl lioU ji.' 4 
memfier is twicfs as gmit. W<5 slnill »- j u »« 

the progress of onr hMsture, to iiiak<* «'«• of !?!• >«> !..r!i,nl* In »j 
now, we will simply iwCnt o«tt thnl i«» <1 » ih* >o* m 

specific heat liotween 0 nn«l T may Ito I’Mnsi-lfr**! a* th*- t»* ly 
which is necessary to raise niiit «<f a aoI . (t‘>M 

absolute zero to T*, lUvideil by tlw lomia rultuf I , Jli«i it 

In our later statements we shall nol jjive ili< iij««inr bmi* 
referred to in the usual unit of «»»»», lb*' gooo. I.ui um- ih»? 
product of the sjiociflc heat |s!r gram into llo* mob ■> ubir wi-iglil 
Wo call this the specific bent jssr mol. iistaaM « iill!* >t fh»» 
“ molecular heat.” 


fiction If we return to what we were iliscuiwing at il*«' 
o(^tant siiy that in the second plni:« the r»’«» liiui h«*«l «f a 

winmo reaction is dejiondent on wlicther lh« nsiriinn tak^* |4a»o «l 
constant pressure or constant voliitno. 11i*» iliffoiem*! c iwliwg 
between the reaction heat at ewnstanl volume and lli*t at r<s*n» 
stant pressure may ho ascribed either U> work do»i«» agwiiiBl iJw 
atmcfflphcre when tho rwction is accoi«j»«t»ie»l by an im tvww 
in volume, or to work done on the ga*e« by ib* afnoMpheny 
when the reaction is accomjianii^l by a d<*rreinw in volnmo As 
we know from thermochewiatry, and aw «•* |wiinlt«l out in tJie 
First Lecture, this work is pvXv, or 1{T5;»-*, where 2£e’ in llm 
equation representing tho reaction ropre^eiits the <tnw» of all 
the numbers of moiooulM (tho nninlier of niolecMb* of Uio 
factors being counted as negative). Wo Iwtvo dwidwl |« 
consider work done by tlie ehemiml rwftflw* •*« 
the basis of our calculations. Hence Qr and the s|»«c»<ii lo-aia 
im equation (2) are to be taken at eonatant volunie Tb*i »|«<ri|ie 
heat of an (ideal) gas at (instant pfwwunf, ri>ft,*nv»l in «nw i««l, 
is greater than the spedifio bftit at ooiMlaiil volum# by lli# 
quantity E (ie. 1'98). If, for the aako of btvvily, mm iitelJlite 
er for the difference iii mimtim (2% hml 

that €r hw the itiae valai tl teaptwiwf^^, miii. ii|il ilifi 
index m in order to show that thi* f#| k «| 

consfcint Tolume, we get — • 


md from (1)_ 


U » Of « ^ 4- . . . . . fT| 

A « mm y 
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We will now consider the latent heat of reaction/' q, from 
another standpoint. In the first lecture we discussed its 
relation to the temperature, and became familiar with the 
simple case (First Lecture, equation (26)) where — 

q_^ 


If we denote the quotient ~ by S, then, in general, we may 
write (1) and (7) as — 

A = U - TS = Qo + - TS . . . (7a) 


Clausius, who introduced this term into the theory of heat, 
called it ^'entropy." Helmholtz^ published a fundamental 
discussion of the role it plays in chemical reactions, and Planck ^ 
developed the subject systematically. 

We found before that — * 



( 8 ) 


from which it immediately follows that — 


-S = 


dK 

dY 


( 9 ) 


It therefore amounts to exactly the same thing whether we 
base the statements upon the peculiarities of the quantity S or 
dA. 

of the quotient and only formal differences can incline us 

to use the one instead of the other. In this lecture we shall 
first make our calculation using the entropy S, because we can 
thus deduce the final formula in a more perspicuous manner. 
Later we shall obtain the same formula by another method, 
involving several steps and making use of the temperature 

coefficient of the maximum work, 

At the outset, we will once more call to mind that — g 
represents the heat taken up in an isothermal process yielding 

1 Helmholtz, “Zur Thermodynamik chem. Vorgange,” Bitzungsb&ricMe 
der Egl. Preuss. Akademie, B&rlin, 1882, let half-vol., p. 22 ; and Ostwald, 
“Klassiker der exakten Wissenschaften,’’ vol. 124; “Abhandl. zur Ther- 
modynamik chemischer Vorg’ange,” von H. Helmholtz, edited with notes by 
M. Planck (Leipzig, 1902). 

2 Planck, Thermodynamik.” Leipzig, 1905. 


Latent 
heat and 
entropy. 
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its maximum amount of work as it ■* It •»*- jtu (rs’M* 

tho heat to bo resolvofl into an intoiaiJy i.m an'l > « ij 4y 

factor, S is tho capacity fiw'tor of lUi» hi*«J u» so'h i | 

The (piaiitity H, therefore, almros with iIh* Jo o 

specific heat Iietwocm 0" ami T ) llii» jtn ulmniy that s) ?<* fh*- 
quotient of a certain nmnliur i»f oalori*"* «lni4r4 hy tl» 
temperature. But theso two . oytoty 

very difierout thiiiffs. To ihitonoino iho iu«’:in s|i.-. ij;. }j, «s 
between 0" (ab.soluto)iindT, wo bavi*. o< « (lh 

merely to divide the heat n!qnired iii iai'*ii»:; do* t< t4«tirr 
by the temperature T. To tlctcritiinM ibo roitopy, ««• imirt 
divide tho heat used up in an wiih 

a maximum yield of work by tho toiiijwf at or« T al whifh fh« 
process is tuking place. 

If a gas is made to expand i»*Ui«rHially u> unt 
original volume— 

-d = imalO = I-IIH X T X li d « I ral 

and eonsoquontly — 

-S - 

m*unmM 


Since j represents heat given olf by iJu* jiy#t««n» in 
S also represents entropy given off, or a d»*'Wa»« of ilw, 
outropy of the system. Tho almvo e<|iiaitoti ihvw mf» ibol 
under these ooiiditions the t!iiltt>py of a gaa tool mro-aMmii liy 
4-56 (S Mng negative). We are c»K«jw»t only of in 

entropy. We know -nothing of the alaeilote atnottitt, of iht* 
entropy contained in a subtaace. Wo mn iwwiy mmo 

arbitrary value 8{ to tlie substaaoe befow it mah*rK«*w « wnw 
of clianges, then measure the entropy change, and m* mnnr> at « 
value S/ which represents the ontitipy of the «n ilm 

hnal steta We can also aee, from Us* illuairoiioH jn-t g.tm. 

the specific h^t, for tho speeifie heat of tlm gas imd 
18 the same before and after the m' ' 


'111 to t4^ 


I sT 


To illustrate the conception of entrotn 
observe that the entropy of a mol of 
converted into vapour at 100“. with an exfici,. 
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= 9650 gram-cal. in overcoming the pressure of the atmosphere, 

, 9650 gram-cal. , .. . 

increases by = 27*8 , while it would increase 

~ 40 if vaporization took place at 0°, where 

the heat of vaporization amounts to 18 X 607 gram-cal., and 
the maximum pressure to be overcome is only 4*5 mm. 

After the foregoing explanations of entropy, we immedi- 
ately see that in an infinitely small isothermal change, where 
the infinitely small maximum work dA is done, and the 
infinitely small q^uantity of heat dq is used up, the entropy 
change of the reacting system should have the value — 

-^s . -I 

Let us now fix our attention upon a reversible, but nibt 
isothermal, process, where a maximum yield of work is secured 
from the heat consumed. We may consider the process to be 
resolved into an infinite number of infinitely small steps, in each 
of which T remains constant, or difiers by only an infinitely small 
am ount from its* value in the preceding or succeedin g step,^ Then 
in every step the entropy change of the reacting system is — 

-dS = -I 

and in all taken together — 


With this, the conception of entropy is explained sufficiently 
for our needs. Physics lends it still greater importance by con- 
sidering what change the entropy experiences when a process 
takes place non-reversibly, that is, when it does not produce its 

^ It would be more accurate to say that the process may be resolved into 
a succession of two kinds of inGnitely small steps. One kind consists in 
changes of temperature by expenditure or reception of work by the system, 
which are not connected with expenditure or reception of heat. Every one 
of these steps causes an infinitely small change of temperature without change 
of entropy. The second kind are isothermal steps, which fulfil the equation 

- dS = - The ■ entropy change of the whole process is given by 

- S = - Jy* ^1^® ^^°d of steps being without influence upon the 

entropy change. . . • 



34 


THEUMi >/> I \XA .»//<•< 


intmpy maximum ybW <>f work. A« j»r<‘vi«>ti'>1y ->«»,/ i % 

clwtiKo jHjculiarity of tho maximum work ifiat it »*‘|» 4 *" '4i*- nnuiu.nu 
rovSblo work ro(j[Hi«it« rovur* tlm la-oicox!*. !*!)> ’«< •. iJo-ii -U* * ;!.* 
proc(!«8W). problem of how mucli tliRontrojiy lu ilo- |.r< •'- « >. w|.- r« 

the maxiumn ■work ia not than*, by ?b<' 

amount of work neewmiry l« relurn lli»‘ •fyi»i«o4 Im lb*' aoiii'ii 
comUlkm. If lhi» miuinuun «wk iit lb'- ri .'i o- i» 

coupletl with an «'Xj«*ntiitunj of hital «/ «l I', ^bu s’* witii i|a» 

decrease of entropy |., we wmelmW thal th*- en!»M|.y in ib.* 

of the forward procesH w’hieh «lid iml yield » mtxitowsn aioMiiiit 

of work has inereaaeil by the ainouul — j. 1 many 


generalizations ref'iirding ehanges of nilropy *lb« !•'** 

of those is the princiiile of ( ■hmdiis, which say* lh«l the eiilf«*py 
of the world totuls towar*! a iitiixiintiiii, Tlo'y «r*» W<«*f }w*» 
ever, on non-reveraihli! phemaneiia, and h»*nw <!« i»*4 iw* 
concern us. 

In order to find the entro|iy of ii gas f«'4<ii«»»i b> o»c« 4 # of 
fonnuk (7«), two jsdnla nmst ki rowaidciisl, Thi* f<4io«k 
represents the tnaxininm yield of work, t»*4 f«»r any j«i»}if»ilar 
value of the temjsiratnro, hut f«»r all |•»s^*^hh^ vale*# Wi 
must, therefore, first find out how lh« ••»to»py «d a »s«gi« ijn* 
changes, if at all, with ehangca of its iriiija-falMi*’ and 

Further, at least two iiinl iiswally iu’wiwl woWteio** t«ti« 
j»art in a nmetion, some »f which an* tadng op, olhcrw 
formed. Wo must, tlierofore, diilennine the rvlalO'W k4w*wtt 
the entropy of a mixture of gwiw ami il»* nitropy «<f Ik’ simple 
gases by themselves. 


Tbeisn- In order to answer llio first w e r»*v»«it i« th«* i4«« 

that a process whfeh is not isoih<*mial may la* f*i 

ftoJthtt as entropy change is coocerttctl, as »?»«ii*i»iiog ‘«f «ii loiom# 
^ nuinlwr of infinitely small stojw, mieli om* ..f whirh i* n-.tlo’ii.ml 
misturo. If the non-iaothernml proems t*k*« pW.* with <* utmm !»t» -.f 
work, then in every single aiimll ii«p thw infimody 
quantity of Inrnt -<% wiU lie taken up hy H»« »y»|ri« ta 
changing, and, at tliesaine time, ita entropy w»ll iiurca-w by il<« 

amount ■ -dg. Hie entropy tliange ii» Iho t«l*l «*4i* 

kotherma! process will therefore he, n* airvady ii,. iiisoi,**4 — 
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-s = -/f (10) 

Let us now imagine a reversible process of expansion to be Adiabatic 
carried out with an ideal gas, so that no heat is absorbed or 
given off. In such an '' adiabatic ’’ process every infinitely 
small amount of work done, pdv, must be accompanied by a 
corresponding decrease, d\]y in the total energy of the gas. 

Since the gas does not change chemically, we are concerned only 
with the thermal and not the chemical part of its energy. If we 
at first assume that the specific heat of the gas at constant volume 
is independent of the temperature, this heat energy of the gas ^ 
equals c«T, and the decrease cZU is equal to — We thus get — 

d\J ^ -•cM (11) 

and since the work done,jp<^^;, equals the decrease d\5 — 

0 = Cr^dT + pdv (12)* 

If- the reversible process does not take place adiabatically, Non- 
the quantities and -^-pdv are not equal. An infinitely 

small quantity of heat ( - d^ will then be taken up from the 
surroundings. We then get — 

^ dq CyjdTl + pdv , .... (13) 

and dividing through by T — 

+ ( 14 ) 

ET 

We replace by — , using the relation — 

pv = ET 

dm dv 

and writing for and — the identical expressions dlnl and 
dlnv respectively, we get — 

^ c^dlnT + ^Inv .... ( 15 ) 

1 Here we must take the specific beat at constant volume, c„, and not at 
constant presure, Cp, for if we imagine the gas deprived of all its heat energy 
by being cooled to the absolute zero, only the amount of heat Ct,T is taken 
out. In order to remove the amount CpT we must allow the atmosphere to 
do work, compressing the gas to zero volume while it cools to the absolute 
zero of temperature ; that is, we must introduce energy from without. 

2 It is to be remembered in this connection that, as pointed out in the 
first lecture, the experiments of Gay Lussac, Joule, and Thomson (First 
Lecture, p. 17 ) have demonstrated that the thermal energy of a gas does not 
depend on the volume. 
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If we now carry out thi« rovcr^ihli! 
so that, 'starting from the initial {cnijH’niluri! T< ami thii 
initial volume vi, wo reach the fuial Usiiijwriitim* ' 1 } am! the 
final volume v/, the suin «>f all the iiifinilisly hiiwII 
represents the difference between the final enlnijiy S/ ami ihe 
initial entropy S;. That is — 

_ Si = - r '‘Jl = fja 'J? + llhi . (1..; 

If WO iutroduce concentrations iiwleiwl l!ii* \u\mmM. 
by a mol, 


^ Tf ff 

and we obtain — »S/ = *S| + lUn 

i i Q 

Oioioeof We are free to define any state m ihn itiilitl .filitlin. If we 
wadilim ^ initial state tlie teiniMimtiiro T» P tinl tin? ctm- 
ceutration <? =: 1, it follows that*— 

S s» Sr»t + fJfiT — liliic. . , . {in) 

« « I 


Here S signifies the entre|-iy of ii mol uf iit T" iiiitl ifnf oiiii. 
oentration both of which may have any viilite. 

Separation The Second question may lai ietttel l»y of llm 

wiC separation of gases involves no oxjstmlilMiti of work, 

oxp«n<li- provided the concentration jrer unit of volume rtiiimimi cmislanl. 
h^tor principle, first proved by Oihhs* is a aiirjirising one, 

work. because we know tlmt gas inixtMPes, such its air, eaniiot bn 


I The fact that witli Uiis choice of an Ittlrkl wo « 

higher temperature, not by exiwmalon, but by esnprwsion, low is* sffwt on 
the derivation. If one would convince lilnnwlf of thb, Insal ilw iw«- 
isothormal revereiUe procew as a coBii*rcasIow and not a« an s»iwi..b>ii 
process. In this way, expiwirion (13) witii aigns k twsJiIy obtain**!, 


wMle at the same time the intend - I ^ amutMa llic opjsMMn; aigii, •» 

that the result is the same as before. * ‘ 

« GibH “Trans. Conn. Academy," vok H, and Hi,-, «k. 
dynamisehe Studkai, Leipsig," tnndateil by W. <Mw»!d 
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separated into thdr components without the expenditure of 
work. But this is solely due to the fact that increase of volume The sepa- 
under ordinary conditions involves expenditure of work against 
the atmosphere. If we imagine the atmospheric pressure to he 
removed, a suitable engine would carry out the separation of 
air into its constituents without expenditure of work or heat. 

Thus, for instance, in a working space where vacuum 
would be maintained, a mixture of equal parts of hydrogen 
and oxygen could be separated into its component parts without 
the expenditure of heat or work, by means of the little arrange- 
ment here depicted. 



112 


H2, O2 

02 



IL 


Fig. 3. 


iir. 



The arrangement consists of two boxes, A and B, whose walls 
are impermeable to gases on all sides except the cover of A and 
the bottom of B. The cover of A is permeable to hydrogen, but 
not oxygen, while the bottom of B is permeable to oxygen, but 
not to hydrogen. 

The hydrogen exerts a lifting force on the cover of B, due 
to its partial pressure, equal to the force it exerts against the 
bottom of B. The oxygen has the same pressure on both sides 
of the bottom of B. If, then, the external pressure is zero, there 
is no position of the boxes where a force is acting in B which 
hinders or favours a displacement, and we can make the 
apparatus, which is assumed to be frictionless, pass through 
all four positions given in the diagram without losing or gain- 
ing a finite amount of work. Since a difference between pressure 
and counter-pressure never exists, it follows that the system 
will always be in equilibrium. 

At the end of the operation, in position 4, each separate 
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gas has the same concentration as it had in the mixture in 
position 1 . Since the process took place in the equilibrium 
condition and isothermally, and since no work was done either 
on or by the system, the latent heat of the process, and con- 
sequently the entropy change is zero. This amounts to say- 
ing that the entropy of the gas mixture is equal to the sum of 
the entropies of the separate components at the same tempera- 
ture and concentration. It further follows from this that, when 
a mol of a gaseous component is abstracted from, or added to 
a very large quantity of gas mixture at constant temperature 
without producing a finite change in the concentration, the 
entropy change of this mixture is simply equal to the entropy 
of the gas added or taken away, and therefore is — 

^ S = St=i + — "Mnc . . . ( 18 ) 

C = 1 


Changes 
of entropy 
in gas 
reactions. 


Let us now take any gas reaction, for instance — 

2H2 + 02$2H20 (19) 

which takes place isothermally at constant concentrations and 
with a maximum production of work. In it two mols of 
hydrogen at the concentration CHg, and a mol of oxygen at the 
concentration disappear, while two mols of water- vapour 
are formed at a concentration CHgO- The entropy of the gas 
mixture thereby decreases by the entropy of 2II2 + IO2, and 
increases by the entropy of 2H2O. It therefore experiences the 
following changes : — 

— 2S112 = 

— S02 = — 

+ 2Sh 20 = “t-^^^HaO) + 


-S ^) = -(2c^H 2) + c<02) ~ 2(^(H20))^^T +• 

c HaO 

_ /2S^h^^ .+ - 2S^h^0)\ 

\ c = l c = l (r=l/ 


( 20 ) 


^ In regard to the signs, we should notice that, as pointed out before, q 
represents heat given off, and S a decrease in entropy. Therefore — 8 is the 
increase in entropy in the reversible isothermal gas reaction. But this 



ENTJ^OFY AND ITS SIGNIFICANCE INGAS REACTIONS 39 


The quantity enclosed in the brackets is nothing more than 
the difference of the specific heats of the disappearing and ap- 
pearing substances, for which we have already used the symbol 
or^. If we use it here again, and collect in a single constant the 
entropies at T s= 1 and c = 1 enclosed in parentheses, it follows 
from (20) that — 

-S = - aJ,nT + - h 

0 HjO 

If we substitute this value in equation (7a), we get — 

A = Qo - + (<T. - 7c)T . (21) 

^ HaO 

Except, then, for the constant h, we know how the ability of General 
our gas reaction to do work depends upon the reaction heat, the 
specific heats of the gases concerned, and the concentration at^all 
temperatures and percentage compositions. 

The relation which we have deduced for this specific case of 
the formation of water may be similarly deduced for any desired 
gas reaction. It is only necessary to substitute the general 

expressions ^ disappearing? ^ disappearing? • • • > ^appearing? ^ appearing? 

. . . , together with the number of molecules v\ v\ . . . , for 
the special concentrations of hydrogen, oxygen, and water, and 
for the particular number of molecules which appear^ in the 
member — 

The number of molecules of the disappearing substances must 
be taken as negative in this general mode of expression. We 
then obtain — 

A = Qo — o•^T?7^T — RT X '^vlnd + ( 0 * 1 , — 7c)T (22) 

Let us return to the process of the formation of water from the 
elements, and accordingly in this equation put for Cdisappearing 
the value and for v its value — 2, because, in accordance 
with the equation, 2 H 2 disappear in the reaction. Eor c'disappearing 
we put the value C 02 , and for p" its value —1, because 1 

increase consists of the entropy of two mols HgO taken as positive, and the 
entropy of two mols Hg plus one mol O2 taken as negative. 
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mol Oa is used up; for r,pp*»rinB fhi’- valim cajO, imd linally 
for v'" we put +2, l>ec«use 2 inols II-jO nr« foritiwi. Wo tlma 
have — 


A = Qo - <r,ThiT - llThi. 


X ru. 


+ - i)r 


This is identical witli equation (21). 

The ex- Formula (22) has alrtwly Inn'll in jwirt olitjuim! by IfohnlinUz 
ScTm-" That is, in his fiiiHlntnoiital iwjM'r i<ii thn subjin't, 
holtz. Helmholtz devolojied an expifsaioii which, wlicii written in onr 
notation, runs as follows : — 

A- Ax = («T,-H,XT-T,)-.r,.T/H,J’ . {22) 

In it he made no further aasumptions than that the proci-iw in 
question yielded its maximum amoiiiit of work, that the 
difference in sitecific heat of the siiljstimriw apjienriiiK awl dis- 
appearing had the same value ir, at all leiiijiemtiiri'S, and that 
the ratio of the volumes or the concentrations wnild lie ragardetl 
as unchangeable. If in this equation we put Tj » 1, awl nwler- 
stand by A the maximum work at 1® ahs., mid by ^^i the ehanip 
of entropy under tliese conditions, we get from (2.1)— 

A = Ai -I- s, - - <rJ/wT + (a, - S,)T 

But now, if Qi signifies the reaction heat at I® alw,» 

Aj -}- Si m Q] 


and according to (7) — 
that is — 


Qi — (r„ xB Q„ 


A = Qo - .r.T/aT + («r, - B,)T 

If we compare formula (22) with this, we see tlmt l»4h Iwcoine 
identicsd when — 


Si » ifc q. 


Si signifies the change in entropy a! T « 1* and at any given 
concentration of the gases taking |»rt in the reaction, A tim 
same quantity where both T and the ccmcaitmiiotw wjual I and 
the gases obey the laws for ideal pae*. My using the gimml 
term Si, Helmholtz avoided any sfit^iat aiwutnptiiutt n^garditig 
Hie kws which govern changes of eoncwitratioii. He thus pve 
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his expression a more general form, but at the same time one 
less directly applicable to our particular problems. Helmholtz 
certainly knew it was possible to derive the expression — 

Jc + 'Ravine* 

from Si by means of the gas law — 

pv = RT 

In his '"Dritter Beitrag zur Thermodynamik chemischer Yor- 
gange/' ^ he makes a special application of this, and in his lectures 
he develops in a more precise way (on the basis of the gas law) 
the influence of concentration. Helmholtz did not give our 
expression (22), simply because it had no immediate value in the 
consideration with which he was busied. The extraordinary 
stimulus given by Van’t Hoff to the study of the influence ,of 
concentration in systems wliich obeyed the gas law, directed 
general attention to those phenomena whose treatment requires 
our more specialized formula (22), . 

If, now, we examine the constant we can, in the first The inde- 
place, make its meaning somewhat clearer if we consider that the 
latent heat of the reaction is identical with TS. This product, djaiainio 
however, when T = 1° abs., is equal to the entropy. How, we 
have seen that the constant h is equal to the change in entropy 
of a reaction proceeding reversibly at concentrations which are 
all equal to 1, and at the temperature of 1° abs. Therefore we 
can also call the constant Jc the latent heat of the reaction under 
these conditions. Thermodynamics tells us nothing more about 
this constant. . Consequently, the latent heat of a gas reaction 
taking place reversibly, at concentrations all equal to 1, and at the 
temperature T = 1, remains theoretically indeterminate. Let us 
see what further information we can gather about this quantity. 

To take a short cut, calling the principle of Berthelot to our xjse of 
assistance, we may reason somewhat as follows : At absolute 
zero, Berthelot’s principle is recognized as correct, but the higher cipie^t™ 
the temperature the less does it suffice. However, at 1° abs. it ^etenmne 
ought to be very nearly true. We may, therefore, ^te — 

At=i = Qt=i 

1 Ostwald, Klassiker 124, “ Abhandl. znr Thermodynamik chem. Vorgange 
von H. Helmholtz,” p. 63. 
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Since at al:>s,— 
it follows that — 


QtsI = 


Aral » Qo 4* 

In formula (22) wo now put tho tonn oqual !•> tvm, 

and T equal to 1. The first substitution simply mean* that «U 
concentrations arc equal to 1. It then follows thiil— 

-At=ii = Qo + ■ • ■ • 

CasI 


We now compare (24) with (2.“), and eonclmh’ t hiif k is ww. 
This is, however, a very arbitrary pniceduns. Ivpiation (21) 
will be approximately true, whotlim- we eluame tho coticeulm- 
tions as all just equal to 1, or somewhat diffurent, f<*r only nt 
extreme differences in concentrations does the lenn WiLvine’ 
attain a value at all comparable with Q». On lln* other hainl, 
a ratio sc of concentrations must exist at whieh — 

At=sI * Qo + <Tb 

ctsm 


But X may have a value other than 1. We mniiot, lhet«f«in», 
decide in this way whether a i>erceptibl« ilifri'it*iiro liciwiwii A 
and Q does not exist, though small in fioittpariso!} with 
But, unfortunately, this is a crucial |»oint. For althnngii we mn 
certainly neglect A: at a temperatura of I** alw., this doe* in«t 
help us at all, for wo never olwervo gas reactions at swrli low 
temperatures. But if the observations are carried oat at 20W0'* 
abs., kT is two thousand tim^ greater than k at I'*, and wo do 
not know whether we can then n^loct JbT or not. 
ftttem t8 examine the matter more ck»ely, wn shall lio ioeliuist 

at a &ter- to assume rather that A does not change greatly lietwiwn 0 and 


mitttion 1° and to write’ 


Ai aa Ao « 


from which it follows that Jfe = 

If we picture tire substanMS as containers of and 
imagine that a diminution in the li^t capacity tr^ in the ttUiwB of 
a reaction, arises from the fact that a part of th« total wiergy *4 
the reaction is used up in compraMt^ tl«»® snlislaiim and iti 
squeezdng heat out of them, it follows that only th« pwfc ot this 
total energy remaining after the atomic coroimwsioii will !*• 
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aviiilttlilH for tli« outnido work.* In tins simploat, wlitsro 
T I, tliiH it’tnahiiiig {mrl., wiibli i» Uwt imfltion may 

liavo the valac— 

A i *a Qi - <r, 

tliat is Qo, y«t nv«n this tliinl assumption is not vory satis- 
fdctory. I.ct ns, thoroforo, oxamtno tim subjoct still inoro 
olowdy. 

Tho first point to to note<i ta that the numoricol valuo of the Thn ndn- 
constant k is aflfecUsl by tho choice of the unit of concentnition, 
if is not crinal to zero. It is easy to see tho connection k in tho 
between the two, for tlio tenn IIT x "^vlnr! in (22), as well as 
k, do{)entl8 «iK»n this saino choice. If we express the nitio 
of concentrations in a given mixture.of gases, first in mols per 
litre, e, and tlien in mols jasr cubic eentimotn^ then — 

(U X -S.v'lnc: + i-)T - (It X 'S.vl.nC + ^OT 

for otherwise oor formula for the reaction onoi^y of a gaseous 
mixture would give different results depending on how we 
rockonetl our concentrations, which is of cotirso imjKJSsiblc- If 
we call s the nitio of tho two units (»f concontmtion — 

^ lfm#l : .4" It X 

I f Iv cijuals zero, the constant k is indcjwndent of tho Thu 
unit of concentration. Wo will study this case more minutfdy. i>f 

l4!t ns hero remember that while thermodynamics fixes tho 
location of the alisolute zero, it does not fix the value of tho S< wn- 
intoiwal of toiiiporatare which wo call a degree. It is mainly 
duo to chance that thermometry has lulhensd to the suggestion tlmt 
made by (Jclsins in 1742, that tlio distauco between the Ixnling- Si-'- «««>■ 
|*oi«t of wati*r, and the freczing-iKiiiit of ice bo divided into 
UK) partn. lUtauinur bad previously C17.'K*) suggiisted that we 
dh ide the same interval into HO parts. As far as the principle 
is concerned, it caudd just ns well be divided into some other 
niimtor of parts, Isjt tw supjmse that we have ii degree a 
tlioimiid time* smalltT than the one now in use, tind let us 
desigtiale tomjs-nttttinn measured in these new dt'grees hy r. 

In the firal plium, the gram-calorie would laicome a thousand 

> It twMni t« tne tli*l ibl* idea f<x«« the tiaals of T. W, ftfcbardH' stiuly 
of the o!»!ii.n }«f«wfn aUiwiie roftane, compnfwiWlity, and free cjiiTffy 
t'hmk , 40 {IWri), i«*J and 507 aiiiw m {ISSi.'t), VM). 


[Mimtym 

ipgruf*. 
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Inflttenoe 
of thcj 
iiasa of 
a dogroa 
on tho 
ooimtant 
k 


tiiiios siniallar thati the oihj iiow for it ^inii!4 

the quantity of heat tu-fiiwsary to hnit uiin jirasn f*!' \v.it> r fronj 
15° to 15-001° on tlie old sfahi of tinnjK'rntiir*-, li* ,iis 

would for this reason l«s nqiriisenUtd hy a nniiih'-r «<f U?<‘ 
calories a thousand times j^rmler than lloti «»! lh«* <44. iho 
value of the Hpoeiflc heats wwihl nut las nll«’r»'4. Im'c.iO'O' i! is 
the quotient of calornjs over di'gnsjs.and the iinnii-ralor .-uol ihi* 
denominator would ehan”(! equally. Th«* qu-»ulif_v I.’ in ah eduSe 
units (erg x T"’) wmild he a thotisaial liiio'« srimlh r. hot in 
heat units would remain tl»e same, laie.-inse the wurk ••q'tivalenl 
of the caloric l»y whicdi we divide in or«lr*r t<* eonifrt 11 iiini 
heat units, is likowiao a thmiMiUid times siualh-r. Tie- « 
tration is not affected hy this change in th« nnit of tenijw'rntnn*. 
Now, of course, wji see that the energy of a f ion cannot 

depend on what value wo may elnaise to i-all n degree interval. 
Any given reaction which, for instance, lakes jdaee at the 
boiling-i>oint of sulphur mimt have »in« anil ihn aainw reaiti<»fi 
energy whether we use the r or T «:ale for nw-koiiing this 
teraporatiiro. We must always law in mind that ls4h «?al«i 
differ from one another only hy n projairtionalily fin'ter, ami 
become identical at ahsolnlo mm. W«s have jini nawl 
as an example of such a projairtioniility faetur. In geiiem! 
we may call it a. Then — 

T » r X « 

If we use the r scale itislonil of the T iral«% the rww'lion 
energy remains identical only wlinn wo nnwiiro it in iiWdnle 
units (ergs). Expresecsi in ealorie* it is different, la«’4«*e the 
calorie isatimia os small. Wo can nsliifo the value of ih« 
reaction energy expressed in heat units on the r »a!e to heal 
units on the T scale by the relationship-" 

A(T) ■■ 

Similarly — 

Qcr> ■» «Q(,) 

If we -write our equation (22) first in unit# of the T wwilo, and 
then in units of the t s<»le, w® havn— 

Am =» OocT) - 0.TI*T - IIT X XeW + fs. - it-., 4? ('42) 
Adf) =» Qflco — ir,T/ar - Hr X Xp'lnf^ + (#, - if2»») 

I-et us now reduce (26) to (22) hy the help of the wlstioniihip, 
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just considered, between A^t) and A(t), Q(T) and Q(^), and between 
r and T themselves. To do this we multiply (26) by a, and 
replace aA(r) by A^t; ; aQocr) by Qo(T), and ar by T, and get — 

A(T) = Qo(T) — IIT X -f* ((Tv 

If we compare this with (22), it follows that — 

^(T) = — arj^na 4" ^(t) 

Thus we see that the value of the indeterminate thermo- 
dynamic constant depends on the value of the degree we choose. 

If we choose it a thousand times smaller than the Celsius 
interval, the constant is greater by — (xJnO'OQl, i.e. -t-6*9(r„. It 
would be especially advantageous if we could so determine a 
that the constant became just equal to (t„. The term ((Tv — k) 
would then completely disappear, and our expression would 
take the form— 

A = Qo — arvl^T — Er X '^vlnc' . . (27) 

Perhaps the meaning of the r scale will be still clearer from the 
following discussion of the formula (27). According to equation 
(27), A becomes equal to Qo at the absolute zero. But it would 
be equal to Qo a second time when ^vlno' equalled zero and 
r equalled 1. Now, by a suitable choice of concentrations, the 
action of mass, represented by the term ErSi/'Znc', may be 
eliminated, so that this term becomes zero. We then determine 
at what temperature other than absolute zero the reaction 
energy becomes equal to Qo, and call the interval between this 
temperature and the absolute zero one degree. 

The question first arises whether, after all, such a procedure t. W. 
is in general possible. If we take the case where there is no 
difference between the specific heats^ of factors and products, h is zero 
is also equal to zero, and the thing we have attempted to 
do seems impossible unless Tc, in this case is equal to zero, cells. 
This question cannot be definitely settled from a study of 
gas reactions, because there is no gas reaction known where 
<T« is beyond all question equal to zero at all temperatures. 

We can, however, glean the desired facts from another field. 

T. W. Eichards has shown^ that the heat of reaction and the 

1 Th. W. Eichards, Z.f. phys, Qhemie, 42 (1903), 137 if. 
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miction energy in galvanic cells are etjual when t!i« concen- 
trations of fiictJirs and prodiicU* are cfiual, and whero no clmuge 
in hwit capacity ensues during the reaction. We condml*! fnan 
this that in gas reactions too, for the ideal case w here a,, = 0, 
e<luation (22) would become- - 

A as — UT X ' 

without any term JcT making its iijijssirance. Has reaetions 
do not c^ontradict this conclusion, as we shall s«s* in the Fourth 
Isicture, although our knowliHlge may not la* HiiHieienl to 
Uenntnstruto that they supjsirt it. Thus, if mi clifTertfiiiics of 
lieat cajsicity exist, ami mass action is i‘xclude4 hy cinsising 
uoncentmtions such that — 

K X BS 0 

wo can ness no gotnl reason why heat and work should lie 
different. Vet if k and llie term wJiiT either Isilh have a 
finite valno or Isith equal xeni, the* coiicluHion is jnsttfieil that 
everything deissnds on the units in which w« measure the term 
We saw liefure that for every koUiortiml und reveniihle 
gas reliction where had the same value iil ail teinperatiirM, 
wo eould Ro define our temiwrutiire interval that would 

liecomo equal to aairo. Wo now coneiudo that for nil rutMilioiis 
of this class where tlin number of reacting mohsciiles does nut 
change during the reaction, one and the same temiienituro 
interval or degieo would fulfil equation (27). We will enlt this 
teiu]Simture interval a ‘'chouifsiytiamio’’ di^^rwe, 

Htaiting from the deductions of T. W. Ilichards, Van’t Hoff* 
has receiitiy diseussetl similar rolaUons. lit thot» galvattio cells, 
imd oousequently thmte reacUous, where the numlier of inols on 
mch side of the reaction equation is the same (3£o'at 0). he ptite 
the term (<r»-&) et}ual to z(uo,or»a{Makiug more accurately, the 
term in hw vety different derivation ^rrea{iotidittg to it. He 
did not consider Hte effect of the magnitude of the tem|a!mturo 
degree on the quantity it. But aiaco, by chisistng the ( Vlsiiis 
degree, he got an agreement betwten mdeulatjoa and oterva- 
tion, it follows that tihe “cJiemodyiiamic” di^r^, which 
makes (»,—&) ^lual to aero, domi not differ wry much from a 

' " Festsclirift,'* dedicated to Liidw% lyixmaiiu IWi), p. 
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Celsius degree. If this he the case, using the Celsius degree, 
we may write as an approximation, at least — 

A = Qo - (T^TlnT - ET x '2v'lnc' , . (28) 

It will be recalled that it is the logarithm of the ratio a 
between the two temperature intervals or degrees, and not the 
ratio itself, which influences the value of k. The approxima- 
tion (28) can therefore well be a very close one, even though the 
two kinds of temperature degrees are distinctly different. Since, 
further, the effect of the temperature interval chosen depends 
on the product crvloia, the. approximation would be especially 
dose when the cr^ concerned was small. 

It would be of great value if we could accurately evaluate Possibility 
7c and (to in a single favourable instance. If the number 
reacting mols did not change during the reaction, we could deter- 
determine from it the value of the chemodynamic degree. If we 
then investigated a case where the number of reacting mols did of the 
change during the action, we could tell by determining 7c and 
(Tv in what units we must reckon concentrations in order to make terval. 
((Tv'-Tc) disappear. Were we once in possession of this value, 
we could predict the value of the reaction energy for any given 
mixture of gases, knowing the reaction heats and the specific 
heats. There are, to be sure, certain tacit assumptions made in 
this statement. We assume, in the first place, that the gases 
follow the ideal gas laws with rigour, as is surely the case if 
the temperature be high enough. In the second place, w^e 
assume that the difference in the specific heats of factors and 
products is the same at all temperatures. The latter assumption 
is certainly by no means fulfilled. 

We must, therefore, now undertake to alter our formula so Alteration 
that the change of the difference of the specific heats with the 

temperature will be taken into account.^ Here we are con- for 

=/(T). 

^ The following is a very short derivation of the relationships so far obtained. 

Let h be the change of entropy in a reversible isothermal reaction when T 
equals 1 and all the concentrations equal 1 ; that is, let 7c be the latent heat 
under such conditions. ■ Then — 

= Qo + ^ 

Let ns imagine the factors to he brought adiabalioally fiom T = 1° to a 
higher temperature, and then allowed to react isothennally. The products of 
the reaction could then be cooled down adiabaticaUy to T = 1°. The entropy 
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fronted with the difficulty that we are only able to deduce the 
empirical formula 


Assump- 
tion re- 
garding 
the mean 
specific 
heats. 


to express the effect of temperature on the specific heats, and 
that our observations are hardly accurate enough to allow 
us to determine more than the first two constants, a and 6. 
We must therefore content ourselves with representing the mean 
specific heats of each gas taking part in the reaction by an 
expression — 

■=. CL &T 

We can then write for the mean specific heats of all the factors 
(all at constant volume)— 

^^factors = -t- T26 . 


and similarly for the products — ‘ 

products ~ Hh TSS 

It therefore follows, from analogy with (2), that the reaction heat 
at absolute zero — 

Qt = Qo + T(Sa - Sa-) + - S*) * { 2 cl ) 

change at the higher temperature is still for the entropies of all gases are 
constant during adiabatic changei^. The energy at T is then — 

A = Qo + cr^T - hT 

On the other hand, the difference of the specific heats is connected with the 
values of the concentrations at the higher temperature T by the law 
governing adiabatic changes, namely — 

— (tJtiT = E X 'Xv'lnd 
It follows from this that — * 

A = Qo -b (<r, - h)T *- (r„T?9iT - RT X %v'lnd 
Any desired isothermal and reversible change of concentrations of the gases 
only affects the value of A on the left-hand side of this equation and the 
value of Ind in the last term on the right-hand side. Qo and are con- 
sidered independent of concentration and temperature, while Tc depends on 
the Value of the temperature interval and on the concentration unit. If 
now equals zero, and the temperature degree is so chosen that equals 
at ahs., ((r„ —Aj) drops out, apid we get— 

A = Qo — (T^rlnr — 

The choice of r has nothing to do with thermodynanoics, but rests on the 
experience or assumption that (for = and h appear and disappear at 
the same time, and on the deduction from this that h only depends on the 
value of the temperature degree if 2/ equals zero. 
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As before, we put— 
and — 


Sa - 2a' = av 
2b - 2b' = <r" 


and get instead of (7) the expression ^ — 

U = Qt = Qo + <t;T + . . . (7a) 

The effect of our changed assumption regarding specific 
heats upon the changes of entropy in chemical reactions may 
easily be seen from the results of our previous discussion. In 
the first place, we should now represent the heat energy of a 
gas by — 

aT + &T2 

The decrease in the total energy which we represented in 
equation (11) now takes the form — 

dV = -^Z(aT + 6T2) = -ad!T - 2bTdT . (11a) 
Similarly, from equation (12) we get — 

0 = adT + 2bTdT + pdv . . . (12a) 

from (13)— 

-•‘dq = adT + 2bTdT + pdv . . . (13a) 
and finally from (14) — 

-^ = a^-{-2bdT-h^dv . . . (Ua) 

Here let us pause a moment to consider whether we are justified 
in introducing the gas law (at this point), and so to pass to 
equation (15a), and at the same time consider the specific heats 
as variable with the temperature where thermodynamics else- 
where assumes them to he constant. But, according to all we • 
know, actual gases obey the gas law very well at high tempera- 
tures, although it is precisely there that their specific heats are 

* ^ The term does not need the index v, since it has the same value 
whether we mean specific heat at constant volume or constant pressure. 
This is due to the fact that the difference of the specific heats has the 
constant value R, which is independent of the temperature, or more precisely, 
independent of it so long as the gases behave ideally, that is, obey the 
expression — 

pv = RT. 
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known to vary with tlio temi>erat«m Wo new! n‘»t hfMtnlo, 
therefore, to make nso of the rolntkmship— • 

fv = IIT 

Continuing, then, (15) becoinefl — 

- = atim 4- 2f/(rr + \Wlnr . . (I'o) 

and (10)— 

Sf-B{ = ahi^f + 2l(Tj - T<) + • (>0») 

But then (18) becomes— 

S = +• 2ft(T - 1) - . (I««) 

cssl 

The farther development remains the mine, and lemla to the 
final result — 

A = Qo - <r'*T/wT - (t"T* - RT X SeVnr' + (<rV + 2«" - i)T ( 22«) 

We could have obtained the same expremicm from a geiietul 
formula given in Helmholtz’s fundamental papr. Tiii# 
formula, expr^sed in our notation, is— 

A = Qi - TSi 4- iwTI’ - T 

Here x is the difference between the true si>eclflo heats of 
factors and products at T®. 

If we substitute for it — 

«=» ,r',4- 2 «t'’T 
we get, putting Ti = 1 — 

A = Qi - TSi - <r',T/«T ~ rr'TP' 4- (A + - aV ~ a" 

If, now, we replace the reaction heat at the temperaturu T 
absolute by 4- <r'» 4- ff". corresponding to Uie circutnatanw 
that acconiing to our definition a„ 4- represents the iiitMta 
specific heats between absolute zaco and I®, wo get, after a 
slight transformation — 

A = Qj - o'.TiaT - ^'’T* - m 4- (o'. 4- 20 ")? 

When we introduce the gas law as before, and put— 

Si = & 4- B X Bu'fW 

this goes directly over into (22a). 

We can repeat hero (22o) all tlie oJ«»vatioos made in 


I 
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connection with equation (22). If the effect of mass is 
eliminated by a suitable choice of concentrations, so that the 
term '^vlnd becomes equal to zero, and if T is then taken as 1, 
we get — 

Ai = Qo + <y\ + cr” •— Ai 

We can again show that the value of h depends upon the 
temperature interval chosen, which in this case is connected with 
(j\ in the same way as explained above. We conclude, on the Again the 
basis of our former considerations, that the Celsius degree is ofthetem- 
nearly enough equal to a chemodynamic degree to make 
— A, when the number of molecules does not change 
during the reaction, if not exactly equal to zero, still very near 
it. We shall, therefore, in general use the expression — 

A = Qo — o-'uTfeT — o-"T^ — ET X ^vlnd + const. T (28a) 
in our further discussion, assuming for the particular case where 
Sv' is equal to zero that the constant, though not equal to zero, 
is still very small. For the case in which the number of re- 
acting molecules changes during the reaction, we shall make the 
constant assume a small value by writing the formula in the 
way explained on p. 53.^ We thus free ourselves, as well as 
the present state of our knowledge permits, from the trouble- 
some constants which hinder our passing from quantities of 
heat to quantities of energy. The way in which we can know 
and eliminate them more completely has already been pointed 
out. We will append a brief consideration which increases the 
probability that the constant vanishes in case Sv' = 0. Le Relation 
Chatelier ^ made the noteworthy observation that the true ohatelier’s 
specific heats of nearly all gases and vapours under constant 
pressure can be represented hj an expression of the form — 

= 6‘5 + aT 

at least as a first approximation. As far as the gases follow 
the simple gas law, we can expect the specific heats at constant 
volume, smaller by E (1*98) than the specific heats at constant 
pressure, to show a similar convergence. We conclude, from 
this rule, that in those reactions where the number of reacting 
molecules does not change, o- if not equal to zero, is still more 

^ This, of course, is purely formal, the importance of h, relative to the 
# reaction energy, not being influenced by any method of writing the formula. 

2 Cornet Bend., 104 (1887), 1780. 
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nearly equal to it than it is in the rwictions where the nuinter 
of reacting molecules does change. In case ii' = 0, we get as 
a first approximation — 

Ai = Qo + <r" — ^ 

JSTow, O’" is always a small number. If li on the r scale 
equals a, and if the “ chemodynamic ” r scale does not differ 
greatly from the T scale, A will differ only slightly from or". 

So on this ground too, using the Celsius degree insUmd of the 
chemodynamic one, we are justified in calling the (juantity 
(<T, + a - 1) equal to zero. 

Use of It still remains for us to transform our exiTOSsions applying 

p?Msulo8 at constant concentrations into such as shall apply at constant 
tiiBUiadof partial pressures. It was shown in the First Isicture that 
Uom!"*”" partial pressures expressed in atmosphei-os, and concentrations 
expressed in mols per litre, arc connectoil by the ectuatiou — 
p = 00B2m 

Substituting p for c in (28rt) on this basis — 

Sv77W!’= ^v'lnp — .hiT — ^v ./h0 0821 
and therefore — 

- ETSv'W = - ET^v'fa/ + llT2iv' . InT + IlTSr' . kO-0821 
But now, because specific heats at constant pressure and 
at constant volume differ by R — 

ff'p — llSv’ sa (Tp 

At first sight the sign in this expr^ion seems strange. We 
should expect that the quantity Il2v' would add itself to 0 , to 
give the difference, op, of the specific heat« at constant pressure. 
But according to our definition, we must call the number of 
molecules, v, of the factors, that is, of the disapimaring sub- 
stances, T^egative, while, on the other hand, wo have defined the 
difference of the specific heats, (t'», in such a way that the 
specific heats of factors axe positive and those of the products 
ai’e negative. This difference of signs necessitates subtracting 
RSv' from a'«. Therefore (28a) becomes — 

* A = Qo - a'pTlnT - <r"T* - RT X 2v'/«p' + const." X T (29) 
The term const." is an abbreviation for (const. - 4'95 :Ei*').* 

* The quantity -4'96 is nothing but ti»e* product dmt is, » 

4'58 log 0'0821. Had we reckoned concentmtfons in mols per cubic 
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We shall later use formula (29) in all cases where the 
number of reacting molecules changes during the reaction, and 
avail ourselves of the device of choosing the unit of reacting 
molecules as small as possible, in order to make the change in 
the number of molecules during the reaction as small as 
possible. For instance, instead of — 

2H2 "t" O2 == 2H2O 

we write — 

H 2 -f- ^02 = II 2 O 

This method has a certain practical significance which will be 
discussed at the beginning of the Fourth Lecture. As a result 
of this, the constant (const/') of formula (29) in every case is 
expressed by a small number. 

The main point to observe is that, on the basis of the gas Signifi- 
law, partial pressures have been substituted in an equation ^ 

deduced for a reaction taking place at constant volume. This partial 
merely formal transformation changes nothing in the derivation, arru^^ 
As before, the external pressure plays no role. 

The quantity A which we obtain by means of formula (29) 
represents, as before, the work done at constant volume. 

But is this the work which we actually wish to determine ? 

In view of the. fact that most of our gas reactions take place at 
the constant pressure of one atmosphere, must we not make a 
corresponding change in our formula? Examining an actual 
case, and seeing what the maximum work is which we wish to 
determine, we can answer this question in the negative. Two 
typical examples will illustrate this. We will first take the 
formation of water at the equilibrium point. According to our 
fundamental conception, the reaction energy is here zero. But 
this is only true when the external work is not considered, for 
the formation of water at the equilibrium point under atmo- 
spheric pressure is accompanied by a decrease in volume. 

The atmosphere does the work pv on our system for every mol 
( — 2 H 2 — IO 2 + 2 H 2 O) which disappears. The work done by our 
system at equilibrium and under constant pressure therefore 
has the (negative) value If, then, we are to hold strictly 

to our definition according to which the maximum work at the 

centimetre, we should then have obtained const. + 4*662*'' log 82*1 = const.", 
that is, const + 8*712/. 
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equilibrium equals zero, it follows as an immediate consequence 
that work against the constant pressure of the surri»undin»8 
cannot be counted ; that is, that the reaction must bo con- 
sidered as taking place at constant volume. 

But suppose we did count the work done against a cemstant 
external pressure, what effect would it have on our fornmla ? 
A glance at our fundamental equation A = V — q, which at 
equilibrium hocomos 0 = U — y, shows us the aiiswcr to tliis 
question. If the work done against tho constant external 
pressure is to bo counted, wo must, as wo have alruiuly seen, 
add the terra to tho left-hand member. But, sis wo saw 
at the beginning of this lecture, the change in the totiil energy 
is also greater, by pvy,v, at constant pressure than at eonshint 
volume. If, therefore, we choose to change our definition of 
tho equilibrium and add to reaction energy A tho <iuantity 
p^Sv'.wemust also add to tho right-hand incmlterof expression 
(29) for the reaction energy, the equivalent of that is, 

llTSv'. 

If we are not actually determining the ecjuilibrinra con- 
ditions of the gases, but are measuring tlieir riiaelioa energy, we 
make use of gas elements, as above mtintionwl. The oxy- 
hydrogon cell described in tho Fifth Lecture laslongs to this 
class. It furnishes the maximum electrical ont^rgy Af, from 
the combination of hydrogen with oxygon. If it is working at 
constant pressure, tho atmosphere will do, in addition to this, 
the work pv on the system, since one mol disappears during the 
reaction 

(- 2 H 3 - Os 4 2Ha()) 

Counting this in, the maximum work equals At—pe, or in 
general equals At + pv'Sv'. If this term is defineti as the 
maximum work of the cell, then in equation (29) the right- 
hand side must be increased by llT2i/'. It is, however, much 
simjiler to call A, the maximum work, and to «#e tho jf«{»atlon 
without ditmge. 

All known cases can be grouped under these two examples, 
and we are therefore justified in always neglecting the work 
done against the atmosphere. Formulae (28(«) and (29) kjcome 
identical when 2Sv equals zero, that is, when the imniktr of 
molecules on both sides of the chemical equathm is the same ; 
for in that case Sv7nc' is equal to 1vl%p\ 
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ANOTHER DERIVATION OE THE FORMULA PREVIOUSLY OBTAINED, 
AND ITS BEARING ON REACTIONS BETWEEN SOLIDS 


We became familiar in the first lecture with the expression— 

cm T2 ^ 

Qt was the reaction heat at constant volume and at the 
temperature T. Prom it we can now derive the formulae which 
we deduced from the entropy principle in the second lecture, 
provided we can succeed in expressing the maximum work A as 
a function of the concentrations. 

Van’t Hoff^ has solved this problem with the help of a 
reaction space which we shall call the equilibrium box’" (Fig. 4). 



Fig. 4^ 


Chemical equilibrium is assumed to always prevail in this box. 
The substances disappearing in the reaction are introduced 
through the side wall on the left, while the products of the 
reaction are removed through the wall on the right. That is, 
the left-hand wall is only permeable to the factors, the right-hand 
wall to the products of the reaction — as illustrated in Fig. 4, In 

1 “Die Gesetze des chemischen Gleichgewichts,” by J. H. van’t Hoff, 
Ostwalds KlassiJeerj No. 110, edited by G. Bredig. Leipzig, 1900. 
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this way we can imagine any desired quantity of the gases 
reacting without gain or loss of work, provided only that the 
substances he put in or taken out at the same concentration as 
they had in the equilibrium mixture. If we know the concentra- 
tions at the equilibrium point, it is not difficult to determine 
what the reaction energy would be at any other concentrations. 
Tlie Thus we need only imagine that a substance which is 

about way react is brought by an isothermal change of volume, 

through TOth the production of the maximum amount of work, to the 
briu^box concentration which it has in the equilibrium box. We then 
imagine it to be introduced into the equilibrium box, and to 
mining A. react there without gain or loss of work. The products of the 
reaction are similarly and simultaneously removed from the 
equilibrium box, and are brought back to the original concentra- 
tion by a similar isothermal and reversible process. 

The net result of this process is the same as if we had canied 
out the reaction reversibly at the given temperature without any 
equilibrium box and without any changes of concentration. 

The maxi- The maximum work cannot depend on the path we take in 
is passing from the initial to the final state. If this were the case, 

P^ndenUf it would be possible, by canying out the direct reaction in one 
® ‘ way and the reverse reaction in another, to have some work left 

over at the end, although the temperature had not changed. And 
this in spite of the fact that everything returned to its original 
condition. This statement is most significant. But it does not 
have its roots, as we might at first think, in the law of the con- 
servation of energy, for we see, on closer inspection, that this work 
need not necessarily have been created out of nothing. It could 
have been generated from heat which was transformed into work 
at constant temperature without any other accompanying change. 
Were such a process possible, it would by no means invalidate 
the law of the conservation of energy. Let us see why, in spite 
of this, our experience declares it to be impossible. 

The per- For this purpose let us admit for the moment that heat can 
moSof turned into work at constant temperature without any 
the second permanent change. Such an assumption would mean that it 
should he possible to invent some sort of a motor boat wMch 
could derive its heat from the ocean, convert it into work, and 
then, through the agency of friction, return it again to the 
surrounding ocean. Such a boat would be just as much a 
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perpetual motion macMne as any apparatus which created work 
out of nothing. Ostwald^ has called this a perpetual-motion 
machine of the second kind. 

Experience tells us that this is just as impossible as a 
perpetual-motion machine of the first and better-known kind, in 
which work is created out of nothing. If the impossibility of all 
forms of perpetual-motion machines of the first kind is referred 
back to the law of the conservation of energy, we may, with 
Boltzmann,^ recognize the source of our conviction that perpetual 
motion of the second kind is impossible in the invariable direction 
of time. That is, our inner consciousness can never conceive of 
time as progressing backwards. If we q^uestion why, on waking 
from sleep, we are so sure that we always are older and never 
younger, we can only answer that, in our world, things transpire 
in a fixed direction as far as time is concerned. Direction in all 
spacial things req^uires a special testing. If we fall asleep in 
a coach facing forward, we are by no means sure on waking 

that we have gone forward. The coach may have stood still, 

or may even have turned about and gone in the opposite 

direction. A fixed direction does not, then, exist in spacial 

things. The consciousness of a fixed direction of time is a result 
of experience based chiefly on the observation that whatever 
happens in the world of reality does not of itself completely 
revert to its earlier condition; it never retraces its steps. A 
swinging pendulum, though it be ever so finely hung, comes 
slowly to rest, and does not again begin to swing unless it is 
moved from its position of rest. Eriction never becomes negative. 
If it did, a machine might of itself start running, cooling its 
bearings, and converting the heat thus obtained into work. 
Gases or liquids, once mixed, never spontaneously separate and 
thus return to the higher concentrations existing before the 
mixing. Warm water, which we have prepared by mixing hot 
and cold water, never spontaneously separates into a hot and 
cold portion. Every one of these processes, which appear so 
impossible to us as to be almost absurd, if they could take place, 
would make possible a perpetual-motion machine of the second 
kind. Every perpetual-motion machine of the second kind 
would make it possible for us to turn backwards the hands of 

1 Ostwald, “Lelirhuch d. allgem. Chem.,” iii. 474 (Leipzig, 1893). 

2 Wied. Ann., 60 (1897), 392. 
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time. A cinematograph running backwards furnishes to the 
eye a picture of the world in which time is retrogressing. We 
can picture the same thing in our imagination if we think of 
ourselves as being projected from the earth with a velocity 
greater than that of light. Images of terrestrial happenings 
would then strike our eyes, directed toward the earth, in a 
reverse order of time, just as in the reversed cinematograph.^ 

The rc- We will now return to the work-process which gave rise to 
Gnex^ de considerations, and we shall first see what result may be 
duced obtained in the case of the formation of water from the elements, 
making use of the law that the maximum work is independent 
Van’t of the path. Tor the sake of convenience, we will start from the 
assumption that the three substances taking part in the eq[ui- 
librium have the concentrations c'HgO, H2 j The 

energy obtainable from their transformation at T° on the 
absolute scale in case the concentrations are CHaO, <?h 2> 
may then be represented as the algebraic sum of three quantities 
of work, namely those required to bring the H2 and the O2 from 
the concentration c to the eqmlibrium concentration o', and that 
required to return the H2O from the equilibrium concentration 
to the concentration c. The amounts of the three gases to be 
compressed or expanded are connected by the equation — 


2 H 2 + 02t^2E20 


According to our earlier conclusions (p. 18 ), these quantities 
of work can be represented as follows — 


A(H2) = for 2 mols of H2 from to c'na 

}> ij 

„ H2O 

1 The entropy theory, when applied to actual non-reversible processes, 
teaches that in all the examples adduced above (friction, diffusion, and con- 
duction of heat) the total entropy of all participating systems increases. On 
the other hand, for the reversible processes which we shall alone consider in 
the future, while single systems or parts of systems may increase or decrease 
in entropy, the total entropy of all the systems concerned, including that of 
the surrounding calorimeter or atmosphere, does not change. From this we 
derive the law of Clausius already mentioned on p. 34. W. Thomson 
(FUl, Mag,, (4) 4, 304) had previously given expression to a popularized 
conception of the law. 


A(o,) = „ 1 

A(H,o) = 2Em^° „ 2 
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Tiioir sum is — 


A = + iim?» + 


or arranged- 


Clla 


CO, 


Ch,0 


The quotient* 


A = iim-r-l-—" - itm-.-*"’'’— 

X 6^0, c\ X Co, 


J ^ J 

<^iU X (?0, 


which is characteristic of the equilibrium at is called the 
eqmlibmim constant. Wo may now generalize this exprossion 
by noticing that^ — 


6“*H, X Co, 




We then obtmn — 

A = ETZ»K. - KTSvYrac' .... (2) 


I’artial pressures may be used in the preceding deduction 
just as well as concentrations, and therefore we may write — 

A = limK;, - llTSvVw/ .... (3) 

Yet the numerical value of Kp is, in general, not equal to K,, 
unless y.v is accidentally equal to zero, and hence the term 
y^v'lnp' is identical in value with the term "^v'lncf. 

It follows from (2) that — Combina- 

turn with 

A Ilelm- 

= lU'/irKc — liytvHnd hoitz’B 

«*' ciimtion. 

This can be directly substituted in equation (1), and wo got — 


The term — 


dWHK, rflffii/W 

^ ~ ~ 


d\iy,v'ln<l 


Qr 


'P 


(4) 


however, here equals zero, for neither K nor nor the gas con- 
centrations can be changed by a change of temperature (iT at 
constant volume. Taking E out, we then obtain — 

lldlnK, Qt 
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TJiis expression has acquired the highest iiupw tance l^ecause of 
the work of Van’t Hoff. Integrated, it gives — 

K/'ftKc = const. (f.) 

or — 

limKc = const. T - ... (7) 


Introduc- 
tion of 
Kirch- 
hoff’s law. 


Substitu- 
tion of 
partial 
pressures 
instead of 
concentra- 
tions. 


On comparing with equation (2), it follows that— 

A = HT^mKo - ETSy'f/ie' = -T 'H’ - KTSv7/ir' + ctnist.T 

If now we introduce the value which KirchhoffH kw gives 
for Qt (sec (la), j). 49), it follows that — 

A = - 11X2 v7/a' + const. T (S) 

Or, finally — 

A = Qo - <r\mT - - llTVv7Hr' + vMml. T . (9) 

. If we wish to substitute partial pressures for oonceutratioDS 
in this expression, we firat find that — 

<ffiZ?i.ICp dWS iv'lnp' Qt 
"~5t“ “ - 'P 

(Here again Qt is the reaction heat at constant volwmo and T®.) 
Now — 

Map' 

It 

is not equal to zero, for the pressure changes when we raise 
the temperature at constant volume. Hut we can readily find 
out the magnitude of this change from the gas law — 

cUnp' dlnMd dlnli dlnl dint' 


dT “ dT 
All of the three terms — 


dX dr 


dx 


cKmE dkX , dlnd 
‘dX ' df ’ "dX 

except the second, are equal to zero under these conditions, and 
it therefore foEows that — 


dE/»Kp 


' ' *df' '■ 


Qt 
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This expression, however, is the same as — 

T * * ' ' 

Or, if we arrange the terms more suitably, and add the index (v) 
to Qt to show more conspicuously that we mean the reaction 
heat at constant volume, we get — 

dRlnKp __ Q(v')t ““ ETSv^ __ Q(;p)T 

___ _ - 

Integration gives us — 

ninKp = const. - j^-dT . . . (11) 

which, on multiplication with T, becomes as before — 

ETZriKp = const. T - . . (12) 

It further follows, just as in the previously discussed case, 
that — 

A = -t/^cZT - ETSvV' + const. T . (13) 

On the basis of Kirchhoff ’s law, we now introduce the difference 
of the specific heats at constant pressure — 

Q(p)T = Qo + cr'pT^ + .... (14) 

and obtain — 

A = Qo ~ (r'pTlnT - (t"T2 - HT'Ev'lnp* + const. T (15) 

We have thus deduced again the same eq^uations which we 
found in our Second Lecture. It is very evident in this new 
method of deduction that, in spite of the introduction of the 
reaction heat at constant pressure (Q(;p')t), the external work done 
by the atmosphere should not be taken account of. For the 
walls of the equilibrium box, in which the reaction is imagined 
to take place, although partially permeable, are nevertheless 
rigid, and neither allow the atmosphere to do work of com- 
pression upon our system, nor our system, in expanding, to do 
work upon the atmosphere. 

If we examine somewhat more closely the expression which The indo- 
we deduced in the Second Lecture from the conception of 
entropy, the integration constant obtained here will appear in dynamic 
a new light. According to our earlier discussion, in the case 
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of formula (22a) (p. 50), this constant was made np of the 
difference in the true specific heats of the factors and products 
of a reaction and of the latent heat, provided the reaction took 
place at T = 1° and at equalized concentrations {^vlnd = 0). 
We represented this particular value of the latent heat by the 
letter h. This relationship no longer appears in our altered 
method of deduction, but we can easily recognize it if we insert 
the value 1 for T and 0 for '^vlnd, obtaining in this way from 
equation (9) — 

Ai = Qo - or" + const (16) 

According to the fundamental equation (First Lecture, p. 14), 
A = TJ — If, as before, we call h that value of g which 
corresponds to T = 1 and ^vlnd = 0, it follows that Ai = 
111 — A. We can here substitute for Ui the reaction heat at 
the absolute temperature 1°, and thus obtain — 

= Qo + <T V + . • • • (17) 


If we compare this with (16), we immediately get the former 
value of our constant (Second Lecture, p. 50, (22a) and (28a)) — 

Const* =r O' V + 2cr" — ik . . . . (18) 


Anotlier 
metliod of 
oombina- 
tioTi. 


Finally, we may carry through the discussion in a somewhat 
different way. Starting from the expression — 

A = U4-T^ (19) 


and substituting — 

a=u + t" = q, + t“ 


Qo+(t;T+ (r"T2+T 


dk 

a 


( 20 ) 


we differentiate the resulting equation with respect to T at 
constant volume, and thus obtain ' — 


^ We shall later (p. 80) draw a particular conclusion from this relation, 

for which we will now take the preliminary steps. Thus, if = 0, the 

difference of the specific heats of factors and products is also equal to zero, 

and vice versa, as is evident from equation (20) and (21). Now, is the 

change of the temperature coefficient with variable temperature. We con- 
clude, therefore, that wherever the specific heats of factors and products are 
dA 

equal, ^ has the same value at all temperatures. But where the speciic? 
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dK _ , 

dT ~ 


+ 2(t''T + T' 


.d^A 

d'P 


+ dT 


or — 



+ 2<r"T 


. • ( 21 ) 


If a'v 4- (r"T (see p. 49) is the difference of mean specific heats 
of factors and products between 0 and T° at constant volume, 
a'v 4- 2(t"T is the difference of the true specific heats at constant 
volume and at T°. Eearranging — 


d^A _ ^ o « 

dT~ T ~ 


. . ( 22 ) 


and integrating, it follows that — 

- a’JnT-2a"T+f(vy . . . (23) 

Now it is easy to show, on the basis of certain considera- 
tions due to Van’t Hoff, that the function of the volume ratios 
f(v) in this equation is identical^ except for a constant x, 
with — 

— 'R'Sivlnc' 

We then obtain — 

/7A 

^ - 2(7"T - ESv7^c' - a? 

dT 

Substituting this in (20), it finally follows that — 

A = Qo ~ (tJTIhT - (t"T2 ~ ^RT^v'lnc + (aj - x)T (24) 


beats (at constant volume) of factors and products are equal, the reaction 
heat (at constant volume) is constant and independent of the temperature. 
Consequently, constancy of reaction heat at constant volume signifies 
dA (lA 

constancy of ^ at all temperatures. But —T— is equal to the latent heat 
dA Q 

2 (see p. 19). If ^ is constant, ^ is also constant at all temperatures, 

and therefore, finally, if the reaction heat is constant, is identical at all 
temperatures. 

1 A function of those variables which were taken as constant during the 
integration make its appearance here in place of the integration constant, just 
as in the corresponding derivation of equation (23) in the First Lecture. It 
is here a function of the volume or concentration ratio. 
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Comparing with (9) and (18), wo see that m i — 2«r" The 
expression {(t\ - x) is the same one which we previously ailkd 
{a\ + 2(t" - /f), and which we obtained in ecpiation (9) under 
the simple guise of const.” That it has a diflintmt formal 
appearance depending on the method of derivation is duo to tli# 
circumstance that in every integration there must always remain 
an indeterminate constant. 

The latent heat is, then, as we liave alrfiady seen in tlm 
Second Lecture, the only remaining unknown factor in ii gti 
reaction which progresses, or, more i)rociHely, which ciin Im 
considered to be progressing, at the ahsohik taiinieiiiitire 
T = 1° and at equalized concentrations =: 0), We 

need not again consider how this unknown r|iiantJty is ralfi^id 
to the value of a degree on tlie temperature scale. 

It now remains for us to learn what rnodificiitioiis iiiiiy lit 
made in our formulae to adapt them for special canes, Biiicai cmf 
knowledge of the reaction heat or of the gpecnflc liitiils ii ciftan 
most unsatisfactory, it is of the very gnmtost imjiortiiime to 
know what thermodynamic conclusions we can draw williont 
their aid. 

The most important of these conclnsionH is one wliicli Vaii’l 
Hoff has derived from the formula— 


r^dlnKo Q(®)t 


(ft) 


He points out that the reaction heat (Qt) at eonittnt volimt 
always changes very slowly with the temperiitum Wfi inty 
therefore assume, without hesitation, that laitweiii any twfi 
fairly adjacent temperatures, T' and T, it would liiive tte 
constant average value Q^. Int^rating (ft) hetweiiii 
limits, it follows that — 

- EZaK<s(r> » Q«(^> - 

or — 

““fe “ ‘“■(r - t) • • 

Knowing the experimentally detennined value of K* at. the 
temperatures T and T", we can ^ily find the mean wactloB 
heat On. between T* and T" (at constant volume)). 

If r and T" are high temperatures, not very far at»rt, the 
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value of computed ia this way may be very different from 
the value of the reaction heat measured calorimetrically at 
ordinary temperatures and at constant volume. By comparing 
both values, we may see how the reaction heat depends on 
the temperature, and estimate the diflference between the 
specific heats of the factors and products and its change 
with the temperature. This method is of great theoretical 
importance in determining or checking other determinations of 
the change of the specific heats with the temperature. We 
shall see how Bodenstein actually made use of it in studying 
the dissociation of hydriodic acid. In practice the method has 
the drawback that Kc(to and 'Kcivo must be determined very 
accurately. A numerical example will best illustrate this. If 
T' and T" are respectively 2000® and 1800® on the absolute 
scale — 

1111 

± t_ — K.KK y 10-5 

T" r ~ 1800 2000 ~ ^ ^ 


That is, is a very small number. The mean reaction 

heat, which in this case we may consider the reaction heat at 
1900® abs., is then — 


Qot — 


E 

5-55 X 10-*^ 


In 


^C(1800) 

Kc(2000) 


or, substituting Briggsian logarithms for the natural logarithms, 
and the value 1*98 for E — 


Q„ = 0-829 X 10® log 

■nc(2ooo) 


Now, suppose that the ratio of the two constants as found in 
a series of experimental determinations, which are in most 
cases not simple, was really 10 per cent, too great. would 
then come out wrong by 0'829 x 10® log (1*1), or in round 
numbers, 2500 cals. An error of this magnitude makes it idle 
to attempt to calculate the change in the specific heats with the 
temperature from the heat of reactions at ordinary temperatures 
and Qw, the heat of reaction at 1900® abs. 

In this state of affairs it is natural that determination of 
Qw should only be used as a sort of check to see whether the 
values of K as found for any two temperatures stand in 
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approximately the right relation. We usually know eriougli 
about the specific heats to be able at least to estiuiate how 
great the reaction heat could be at another temperature. If w6 
get approximately the same result from the effuililiriiim con- 
stants of equation (25), then these constants must certainly 
bear nearly the right ratio to one anotlier. 

While we may unhesitatingly neglect the cliiinge of the 
reaction heat within narrow temperature interviils, we should 
possibly introduce a considerable eiTor into our calculations if 
we neglected it at all temperatures. We do not, therefortj, get 
such a good approximation using the equation— 

A = Q, - liTSr' In ^ + ednst T . . (25a) 

This approximate equation serves cliiefly for calculation of 
equilibria, A being put equal to zero, and '^vlw! e<|ual to 
It is widely used in theoretical i)hyBicB. Ilanck, for instanee, 
bases all his examples on it.^ Its basis is a very interesting 
one. It depends on the supposition that the s|>eciflc heats of 
gaseous compounds are made up additively of the Imts 

of the gaseous components. 

This supposition was first made and defended by Bnfr ® (1880),, 
and also by Clausius^ (1861). Both based their iirgutiiente on 
the experimental results of Eegnault. Clausius gives a table 
{Ic. and later corrected in accordance with Hegiifiult's iaal 
values and published as Appendix B to Ids sixth ^p#r on 
thermodynamics^), in which he comparoi the ex}ierimeatel 
values with those calculated on the assumption that all 
diatomic gases have the same sj>ecific heat at constuut volmiiej, 
and that, further, the triatomic gases have «|H5cifio heats Iiidf 
again as great, the tetratomic gaaes twi«^ m great m tliest, and 
so on. The agreement is very imiierfect. Ttio cIiifiati 0 iiP 
occasionally ■ exceed 30 per cent. Hinault,® in hm mtical 
discussion of the experimental facts, therefor© dwiitji iliii view 
championed by Buff and Clausius, or is at Icmst very itsiqitienl 
about it. It is primarily an extension t«> ga»« of tliii riito nf 

1 For a more detailed discussion see tlie FlfUi l^ectew. 

2 Buff, Liebig^s Ann. d. Ohemie u, Fhmrm.^ 115 (IS#), 

3 Clausius, Liebig'l Ann. d. Ohemie u. FMrm., 118 1#, 

* “ Abhandlungensammlung,” Bd, IL 1814), 8, 188. 

^ Mem. Inst, de France^ 26 ( 1862 ). 
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Nouinaim (1831) and of Kopy (1864). Those rules state that 
the .Hjawific heats t)f solid compounds are made up additivoly of 
tho 8|a!oifi(j heats of the solid constituents. Viewed from the 
staudiioiiit of tho mwilianical theory of heat, it represents an 
a{>plication of Jlortliolot’s principle, which we discussed at tho 
close of tho first lecture. To bo sure, the assumption of Buff 
and Cllausiua (as expnjssod in 25a) is by no means a sufficient 
condition that heat (Q„) and work (A) (when mass action is 
orpializo«l — that is, when ')Lvbvi’ = 0) are identical. Tor, as we 
see in tlio oq[uation, they differ by the term const. T. But the 
ivsMumption of Buff and Clausius, which makes the terms or'^lYriT 
and (tT (which do not appear in equation 26 a) equal to zero, 
is one of the conditions necessary for the identity of Q» and A 
as maintaincfl by Bcrtholot. 

Trf)m tho atomistic point of view which Clausius took, the 
theory proimsed by Buff and himself had a still further significance. 
Clausius askwl himself what effect tho heat which one added to tho 
gas had msm the in<tl6Culos. lie divided it into a portion which 
exerted a heating effect only, and another portion which changed 
the internal nature of tho molecule, exercising, in particular, 
a lo()seuing iMiwer upon tho forces which hold the atoms 
togethi*!’. Because of this distinction, Clausius naturally camo 
to investigate the limiting case whore heat worked solely upon 
tho thermal conditum of tho gas, and had no effect on tho 
molecular pn)pei'tie8 of tho gas particles. Ho was able to 
deduce mathematically for this limiting case tho view jmoposed 
by Buff and liirnscdf. Clausius therefore considered tho additive 
nature of the siaicific heats as a characteristic of perfect gases. 

The iini>ortancc of atomistic considerations in thermodynamic 
questions is very differently evaluated. Many important dis- 
coviirios liavo undoubtedly l)een made by their help, and 
Boltzmann * has shown that tho mechanical tlieory of heat can 
Ixj (mmpletoly represented on an atomistic basis with the aid of 
the theory of probability. On tho other hand, Gibbs,® Helmholtz, 
I’lanek,® and Mach * have shown that the theory of heat becomes 
simpler and more convincing when stripped of its atomistic 

' “ Vorlostingeri liber (ittHthoorio,” ii. Teil (Leipzig, 1898). 

3 “Thermoilyn. Sludien,” trans. by Ostwald (Leipzig, 1892). 

* “ Thermodyimmik,” 2 Aufl. (Leipzig, 1906). 

* “ Frinzipien der Wlrmelehre,” 2 Aufl. (Leipzig, 1900). 
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clothing. This especially applies t/o the work ot Muesli. If 
we abandon the atomistic basis and no leiiger considei the 
peculiarities and movements of inolexniles inijierceptihhs hi all 
our senses, and consider instead thfise qualities of heat and 
^ork — things directly accessible to our senses coiTcspoiidiig hi 
molar quantities — the view of Clausius and Bull loses tli© 
nature of a postulate, which it possessed with LlaiiHtus, and 
becomes simply a statement of experiinental lact. It is in this 
sense that Planck introduces it into his tliermodyriiimic trimt- 
ment, while we, because of the pcior eonfirmiitioin wliicli cm- 
periment affords it, do not use it in our goneml considenitioiis* 

Historically, it is interesting to note that the first fniiilicaticiit 
of thermodynamics to chemistry resulted from tht! use of tlis 
Buff-Clausius approximate assumption. 

Clausius called attention only to the general applicmbility of 
the theory of heat to chemical reactions. We have Ilorstiimim * 
to thank for the fundamental advance ft*oni this incidentil 
observation to a fruitful thermodynamic treatment of clieai^I 
problems. His development lacked the eoinpletenew wlimli 
was later attained by Gibbs, Helmholtis, and Van’t Holt* II 
followed directly the line of reasoning adopted by (*kusius, and 
practically resulted in equation (25a). Ha not fail to 
attention to the variability of the reaction heat with the 
temperature and to its effects. But, standing witliin tlie «pht» 
of the thought and influence of Clausius, he natmally ascrili«s 
only a subordinate importance to this fiossibility. It ii of 
considerable interest to compare Horatmsnn's tnatment with 
that of Le Chatelier, wMch we mention^ at the iMiginiiing of 
the First Lecture. Both treat the same relationships, anti in 
part the same examples. But almost a generation lit* 
the two, during which Helmholte and Van*l Hoff, prtltJiikrly, 
had shown the way to apply systematically tlieraiodyttiiiiiics to 
chemistry. The view of Buff and Clausius i« nci longer iiitir- 
tained by Le Chatelier. 

1 “ Abbandlung zur Thermodynamik chemischer ¥ 0 if iiip,” tilltei hy 
J. H. Van’t Hoff (Leipzig, 1903; Ostwald’s Kkisikari No. I if). Ctapiw 
the historical observations of Van’t Hoff on p. 7$ of tlili ppr. 

^ “Die Gesetze des chemischen Gleichpwlelita.*^ T«i.i»Ial«I into tii# 
German, and edited by Bredig (Leipzig, ItOO; CMwtM% lltrfiif, 
No. 110). 
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If we substitute for c in equation (25a) as before, tlie ex- Roughest 

approxi- 

pression it follows that — ' nation. 

A = Q, -f RTSi//'/iT - K£^v'lnp^ + const.' T 

If we consider the term InT as constant, which is permissible 
within narrow temperature limits, or if '2v equals zero, we may 
rewrite the formula as follows — 

A = Q — 'RT'Sivlnp' -h const." T . . (26) 


This expression is the one used by Bodlander.^ Applying it 
to the whole range of temperature involves an approximation 
which, again, is less complete than the former one, except when 
the number of molecules on each side of the chemical equation 
is the same. 

Bodlander's formula calls Q the reaction heat at ordinary 
.temperatures. It does not matter whether we take reaction 
heat at constant pressure or constant volume, for we are only 
concerned with the roughest kind of an approximation formula, 
and the two sorts of reaction heats are always nearly the same 
at ordinary temperatures. The fundamental idea in the ap- 
proximation, namely, that the specific heats of gases at constant 
pressures are additive, is older and less complete than the view of 
Buff and Clausius expressed in equation (25a), as Clausius himself 
pointed out. It can neither be explained in terms of the atomistic 
conception, nor is it compatible with Berthelot’s principle. 

Equation (26) has an important empirical bearing on certain 
phenomena related to gas reactions, particularly dissociations in 
which solids and a single gas take part. If it were not for this, 
equation (26) would only be of value as a rough approximation 
formula with which to compute, from values of the free energy and 
the equilibrium constant observed at known temperatures, values 
at intermediate temperatures. To make this clear, we shall briefly 
discuss the connection between the reactions of solids and of gases. 


Where both solid and gaseous substances take part in a when 


reaction, we can deduce in the same way the formulae which we 
found for simple gas reactions. Suppose, for instance, that the 


reaction — 


a + h + c = d + e +f 


solid sub- 
stances 
join in the 
reaction. 


where c and / are solids, were to be studied instead of a gas 
^ Zeitschr.f. Mehtrochemie^ viii. (1902), 833. 
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reaction. We can imagine an equilibrium box containing nil six 
substances in a state of equilibrium, just as we did at the 
beginning of this lecture. Here, as before, we inirodnec the 
gaseous substances a and 6 at their concentmtions in tlie equi- 
librium mixture, and draw out the gaseous sul^HtanecH d iincl ^ 
in a similar way. The reaction then pTOgresses in tlie eqnilihriiiiri 
box without any expenditure of work so long as the Hupply of 
c and/ holds out, and we can, of course, consider tlie supply m 
indefinitely large. The concentrations a, ?>, d, and r aw tin* sole 
variables. Only these substances, tlierofore, can he brought 
other concentrations by isothermal ex]nimum. We iheri*fiTO 
find exactly the same expression (2) or (3) for (uiergy of oiir 
reaction, excepting only that the gaseous Hulistanc^eB and not 
the solids appear in the term or '^vlfqL Tlie sulme- 

quent treatment is the same, step for step, as that <tf giWKiiiH 
systems. Only the reaction heats and the sixKdficj heals iim 
affected by the presence of the solid sulistancos.^ Among the 
cases here included there is one which is of especial inkmisi to 
us. It is the case of dissociations, whore but a single! gmmnm 
component is present, as, for instanco^ — 

OaCOs = OaO + 00^ 

1 There is an observation which ought to bo madt? rogardtiig IIh: 
heat of solids. It is as easy to dotermino the spoci fio tiofils of Hi 
constant pressure as it is difficult to dotermino their specific liimti lit ccfiilaiil 
volume. Fortunately, it is of no importance what this ipecifie heat at eoititaiil 
volume is, so long as we are only dealing with simple snhitancoi, iitii! licit willi 
solid solutions of variable composition. In deducing our fermiilii (p* 2*2)# we 
assumed the volume to remain constant whom we raiiiail the teniixiimtiirt rff 
degrees, for we wished the heating to take place witliont fining worfc» Ifi 
this way we obtained expressions referring to constant vohiitie or coftsteiit 
concentrations, and in which the specific lioat at conitirit volimtif apfiparofL 
Now, solid substances have such a small coefficient of tltomial fii|mii»kiiu In 
comparison with gases, that we may neglect without liesltatioii tlie work 
which they would do in expanding against any small eiterniil pre^ftri! {I 
atmosphere, for instance). We may therefore put tlm apeiftc lieilK of wlldi 
at constant pressure, except when very high presBures are coiwldtiriwli m 
identical with the specific heats, when the solids are liMted witliotil tlioir 
doing any work against external pressure. These latter apeclflc liowif f #r, 

are implied in thermodynamical formula. Besides, liy detentilnltig th« 
of the specific heat of solids in a vacuum, we could ea»iiy realir.c thii 
where practically no work was done against an exteniftl pr«iiire. ft l« 
naturally supposed that no vaporization of the iolli! ^ubstoticiw teloi pitrfi 
and interferes with this determination of their specific heate in Ihi vactiiiiti. 
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We may apply our conclusions to such a reaction in the follow- 
ing way.^ Let us imagine a box containing both calcium oxide 
and calcium carbonate to be heated to a high temperature. A 
certain pressure, of carbon dioxide will establish itself in the 
box, corresponding to the equilibrium of the three substances. 
If, now, we imagine one of the walls of the box to be permeable 
to carbon dioxide, and that through it we draw out this carbon 
dioxide at the pressure prevailing in the box, the reaction will 
progress steadily in the box at the equilibrium point without 
doing any work. It will only come to an end when the supply 
of carbonate is exhausted, and we may imagine this to be as 
large as we please. If we wish to know what the reaction 
energy of the decomposition will be, at some other pressure of 
carbon dioxide jpco 2 ) fi^st carry out the decomposition at 

the pressure as above described, and then bring the carbon 
dioxide thus obtain ed from the pressure Kp to the pressure y^cos 
by an isothermal and reversible process. This would yield the 
work — 

A = 'RTln'Kp - llTlnpco^ 

which must be identical with the reaction energy of the direct 
decomposition sought, for the maximum work is independent of 
the path by which we obtain it. Just as before, we can now 
deduce the relation between this reaction energy and the heat of 
decomposition at constant pressure — 



If, as a first approximation, we assume the heat of decompo- 
sition to be independent of the temperature, we further obtain 
by integration — 

RlnKp = + const (28) 

This formula is perfectly comparable with the expression (26) 
which we obtained before. This becomes evident as soon as we 
rearrange it to — 

0 = Qp — ET^uKp 4- const. T . • . (29) 

1 This case, so frequently discussed, is somewhat complicated by the fact 
that, according to Raoult (Comp, Rend., 92 (1881), pp. 189, 1110, and 1457), 
the alkaline carbonates form basic carbonates with carbon dioxide at high 
temperatures. We shall not consider this aspect of the problem. 


Tlie im- 
portance 
of dis- 
sociation 
equilibria 
in gas 
reactions. 


72 rHERMOD YNAMICS 

where the value 0 tolls us that the rnuaien I'ucsrgy v;nii>hi h itt 
the pressure Ky. 

We can make very profitahlo use of this if 

know the value of the constant it amtouis. Ki>r with its helji 
we can pass over from gas re^ictious jtntjsn’ jeocfions 
between gases and solids. Supjtoms, for {ssamjde, that «»■ wished 
to predict whether a certain iiiixtHO* of mrlsut ni«*nii\jdo and 
dioxide would reduce a metallic oxide, say iud), or oxidij'o llu* 
corresponding 'metal, Fc, at a U'liiiHjratuni of '!**. I sjuji tin* 
formula, we can calculate the jsirtial j»r»*a.siiiv of osy 5 ,'eii which 
is in eq^uilihrium with iron and femtus oxislo ut 'F". It, thru, «*n 
the other hand, wo know enough ahout the eijnilihriiuii 
CO + Oi^COa to toll what proKsure of oxygciH-iirj ^•^i«l 
with carbon monoxide and dioxide at their given jin tiiiiri s. tlw 
problem is solved. That is, if the ixpuliliriuni pn-asuw of iIim 
oxygen in the given mixture of carlMin momixhle ami tlioxide la 
greater than that which can exist in tMjuilihriwin with iron and 
ferrous oxide, the iron will bo oxidized anti oxygen niif'*l up. 
This oxygen is furnished by the carlsm dioxide, which ia tlmrehy 
reduced to carbon monoxide. If the gas mixture is ititadily 
replenished, the reaction will continue till all the inin ia wn* 
sumed. If it is not replenished, then the reaction fonwa lu n 
halt when the partial pressure of the dioxide law dimlnialiwl, 
and the partial pressure of the monoxide incn?a<«Nl »« to that 
the partial pressure of the oxygon in wpiilihriuiii with ihtfW 
shall have become equal to the oquilihriuin preaswre of ttie 
oxygen over the ferrous oxide and iron. If freiii tlie t«tnrt w« 
had such partial pressure of moiioxiile and dioxide tluit llie 
oxygen partial pressure in equilibrium witli tlioin was lexa tlwn 
the dissociation pressure of the femms oxide, the latter wmihl 
dissociate, giving up oxygen to the carbon monoxide If tli« gas 
mixture is steadily renewed, this would continue till all tin* femw 
oxide has been used up, otherwise it would cease when the {sirtiii! 
pressure of the oxygen in equilibrium with the momixido ami 
dioxide was equal to the dissociation premuire of the ferroiw oxide. 

We can apply the same reasoning to the traoxfomwlion of 
ferrous oxide into ferric oxide and the comwpomiiiig tnniaftaf * 
mation of ferrous oxide into ffflptous-forrie oxi«te. Tim wow 
accurate investigation of this case which Iter and (itestiw * 

‘ Z.f.iikyt. GhtmU, 43 (19«3), 354. 
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have carried out naturally disclosed certain deviations, because 
the approximate assumption regarding the reaction heats is not 
suflEiciently exact. Yet it does not invalidate formula (28) for 
purposes of illustration. Very similar considerations apply to 
the oxidizing or reducing action of moist hydrogen.^ 

All oxidations by carbon monoxide and hydrogen (or techni- other 
cally by water-gas or half-water-gas), and by carbon dioxide 
and water-vapour, may be similarly treated. Indeed, if we 
look more closely, we see that most reactions of solid substances 
with gases can be referred in this way to a gaseous equilibrium, 
and one or more dissociation equilibria. Thus we may con- 
sider the action of carbon monoxide on molten caustic soda^ — 

CO + 21IaOH % COsNaa + Ha 

to consist of a competition between the dissociation of sodium 
carbonate into carbon dioxide and sodium oxide, and of sodium 
hydroxide into sodium oxide and water, and the water-gas ” 
reaction, as illustrated in the following reaction : — 

2NaOH NaaCOs 

CO + H 2 O OO 2 + Ha 

+ + 

HaaO 

^ We find cases, such as the action of hydrogen on silver chloride and 
bromide, which belong there, and which Jouniaux (Comjot. Rend., 129 (1889), 

883; 132 (1901), 1270; 133 (1901), 228) has studied. Here the dissociation 
of the halogen salt into halogen and metal is linked with the reversible forma- 
tion of the halogen acid from halogen and hydrogen. If the pressure of 
liydriodic acid over any aqueous solution of hydriodic acid between 0-015 and 
0*167 normal were known, we could easily calculate from Danneel’s electrical 
measurements {Z, /. ]^hys. Ghemie, 33 (1900), 442) the corresponding equi- 
librium between silver iodide, hydrogen, and hydriodic acid. We could 
further, with the help of Bodenstein’s measurements of the hydriodic acid 
equilibrium (to be discussed in the next lecture), calculate the dissociation 
equilibrium of the silver iodide. 

We should also mention in this connection Pelab on’s investigations {Ann, 

Chim. Rhy^, vii. 25 (1902) 365), of the behaviour of hydrogen towards the 
sulphides of the heavy metals, where the dissociation of the sulphide into 
metal and sulphur is correlated with the equilibrium between sulphur vapour, 
hydrogen sulphide, and hydrogen. A comparison could here be made with 
Bernfeld’s measurements {Z.f.^hys. Qhemie, 25 (1898), 46). 

2 Haber and Bruner, Z.f. Ehhtrochem.,jL, (1904) 708. 
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We might similarly resolve the well-ktiewii siiljilmle liptvm-A 

Hargrcaves^ — 

2FaCl + SOa + O + H,0 = N%Sfi| + 21111 
into the two dissociation equilihria 

2Naai:^X*% + (% 

and the gaseous oqnilibria^ — 

SO, + ()^KChi 

citi + 11,0:^21101 + 0 

One of these gaseous eqnilihria is the Imp 
anhydride manufacture, the other cif tin? Oeiic’on jiriwi-Hfi, 

Two solid substances, such as lime timl mhmm tmi'k'Hinlii, 
which exist in a dissociation cquililirium wiili ji gip* net on thn 
gas like a pressure regulator* They take iiji lie* giP wliiin tli# 
pressure tries to rise, and give it ofl' wdieii it iritp in fiilL liiili 
they exert the same influence on the immmtm m ii rieiileiriilicifi 
product of tlio gaseous sulistance (for iiPtiiri«*e, wild in 
presence of gaseous 00,) wmihl do* In thi^^ii eA«f lliti vajMitir 
pressure of the gas con*es|M,mds axa«,:l]y to llir^ iliumrialioii 
pressure in the above sense* A gmmm i*f|iii}ilirjiiiii linkctl 
with a vaporization is conBecjueiiily eiiUndy i« ritiii 

linked with a dissociation* I^ehilKiii* bus Hiiitltfed iiii oiciiiin»l# 
of this kind. It consists in the rtiversilile foinfialioii iif giwicwjiii 
hydrogen selenide from solid selenium and liy«l!tij|«i# 

Here the equilibrium— 

is coupled with the equilibrium™ 

We are also in possession of ii iiimilar Btinly «f l!i<* 
of hydrogen sulphide from liquid sulphur iiiitl liy<lpigini 
Dissociation equilibria, tlierefore, dmrvii jiiit as full m Ireiit* 
ment as gaseous equilibria. Yet we eiiimifc wtulitrlal# it 
We must content ourselves with eoiisidoriiig lint urn* »f llw 
matter, namely, the constant of the ftp|irnxiiniitioii hirtiiitlii. ("Mj, 
where the reaction heat is takcm aw uneiiiiitgitig* 

1 Z.f, pht/s, Ohemie, 26 ( 1868 ), 660 . 

2 Bodenstein, Z,f. Fhp». 20 {imm}, iitiil mhlmi 
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W i> h;ivi' ii>ti fur tlm rciiiiu'knlil'' .hI utcuicjii thiil. Tlu- (■•m. 

ilij.'i Jun a aiiiiilitr viiliu*. ahtiiil :V2, f<.r it jjrwtt 

<.J uf «liii.H!H'iHtirit| vvlu’ll* Ittll H HJIIgil! Ih 

Is'jtj'li-* Hiiliiljiiict'H. Tliia lifitig ««t, ftiriDuln (2H) 

! •c‘»'uttii'a 

“ ,j* -- alicmt (;Ht) 

uhcii tlifl |♦rt•}!HUl<! of fill! r«I»rn»€ttik!il by 

K,. t'tjnal* Kiiii! jifmoHj .!«•«•, TIuh rmmlicr liit« Imswi fuiiiul to 
'kiiry fiusiw w»v»'fa iinitH in imi-li «liiwtj«in. I.« (ttiiitiiliur,’ wliii 
fiiot iitteiilioii l»i Itiin anriaisiiiy n?latii»n, fuuiitt viiliutH iii 

ihi* f«'» ntHfst Ht Ilia iliajjumil wliidi wart) guiHTiilly a trillii 
Iwliir 'A2. Forrrii ««!,■* wlm itiia nwaiitly coiicariiiHl iiiiiiwilf viLh 
thfi tmitlfr, frarjuanlly mmewlmt liigliur vftliMJW. 

Tilt* fir'll llint tnie tinUtrally iwiks, iti view of tliis 

is wlu'thtT tint Byret^itatnl is 4 ih) to eortain reguIaritieH 
among tJio aisa ific Jiaata or to tlio tiatura of the dissocsiution 
itatlf. It mniiiw advimliUj to oxnuiiiio clia- 

iti«i«liua from « wmiowhnl tlinfenait jaantof vinw. Wo Lake as 
an till* (liwnelafittti ot’otlciiim carlKiuab*. 

I4*l i!« tMiiitidur llih ilin«t«inliiin ns tlio imasago of airlion niwutoiH. 
fli«i\i*b from lln* Iwitjiiti ooiiilitieii t« tlm gtiHeoriH, froo 

t<»n«lifioii. ft i« llioii, im wi* havtj almMly jioiiitetl out, coin- 
Iiltilcly aimilur i<i th« pmssitss of vajsirimbioii, liulood, wo can ‘ 
olilniti cfjtMtiwn (27) directly liy treating the reaetiem from this 
janiit f»r view. Accorcling to (Jlniioyron and Clausius, ovory 
vajKirisation u governed by tin; thenrimlynamic roliitbn — 

m) 

item fj sigiiifius tlm Intent lioat of vajmrimtioii, that is the 
li»*at tisnd liji In the fwnnatioii of vajioiir, rr* tlie volumo in the 
gnmitts comlilion, % the volume In tlie solid (or liquid) eon- 
ditioji, tiwd p the |iremum at the temperature T. The quantities 
of heal Hndllm voliunwall referto one molot siibsteoce, -Apply- 
ing this tnjuntiott U» our p'oi^ss, which we nmy writ© as — 

C< »*•,!«, vaporisation in.) 


• Ann. -/« Mium [»], 18 ( 18 ^), l§7. 

‘ Am. Ohim. np., ril. S8(»«>, *34, 681, 
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we ought to obtain the same result as we did from our other 
conception of the process, as embodied in equation (27). On 
comparing the two, we note that the heat liberated by the 
splitting off of the carbon dioxide was called in (27), while 
the heat absorbed in the same process was called g in (27^i^). 
It follows that S' = — Qp. The equilibrium pressure, which we 
called Kp in (27) we called p in (27a). We notice, further, 
that the volume of solid, bound carbon dioxide (that is, the 
difference between the volume of one mol solid calcium car- 
bonate and of one mol solid lime) is thousands of times smaller 
than the volume Va of a mol of gaseous carbon dioxide under 
the equilibrium pressure of the dissociated mixture. The 
difference Va — is therefore not perceptibly different from Va> 
Then, too, the carbon dioxide obeys the gas laws almost exactly 
under the conditions of the dissociation equilibrium where we 
have either very low pressures at low temperatures or moderate 

pressures at high temperatures. We may therefore sub- 

HT ItT 

stitute — for or, as well, for - ^^b) ; and, further, for 
P 

ET 

— and Kjp for p. Therefore (27a) becomes — 

^ ET^ dK^ 

- k 7 X a' 

or, when transposed — 

dl71K.Jp Qp 

which is identical with (27). 

Now, in order to pass over to the integrated form of our 
equation, we will replace the inexact assumption of a constant 
heat of reaction by the more exact expression afforded by 
Kirchhoff's law that — 

Qp = Qo + cr'pT-t-ZT2 

The difference of the specihc heats which here appears is the 
difference between the specific heats of a mol of carbon dioxide 
in the solid fixed condition and in the gaseous free condition. 
We can easily determine what the specific heat of the soEd 
fixed carbon dioxide is by measuring the amounts of heat given 
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off, respectively, when we allow a mol of calcium carbonate and 
a mol of lime, each heated to to fall into an ice-calorimeter. 
In this way we determine the mean specific heat of the calcium 
carbonate and of the lime between 273° abs. and T° abs. The 
difference between the two represents the mean specific heat 
of solid, fixed carbon dioxide over this interval of temperature. 
By repeating these experiments at other temperatures we may 
determine this specific heat over a wider temperature interval. 
In this way we can derive an expression a + ST which will repre- 
sent the mean specific heat of solid, fixed carbon dioxide between 
0° abs. and T° abs. There might possibly be still a third term, 
cT^, in the expression, but we will neglect it here for the sake 
of simplicity. If we subtract from this the expression a! + J'T, 
representing the mean specific heat of gaseous free carbon 
dioxide at constant pressure, we obtain the value and 
Substituting these values in (27) and integrating, we get the 
expression — 

= Y - - a''T + const. 

instead of (28). 

We may again make use of Kirchhoff’s law and replace Qo 
by the heat of reaction at ordinary temperatures (about 290'" abs.) 
which appears in equation (30), writing — 

Qp( 29 o) = Qo + o'p X 290 -h X 290^ 

If we substitute this expression in the preceding equation, 
choosing at the same time such a temperature that = 1 and 
consequently = 0, we obtain — 

_ ^ + ^) - + const. (30a) 

The left-hand members of equations (30) and (30a) axe identical. 
Consequently the right-hand member of equation (30a) must 
be very generally equal to 32. If we examine the examples 
upon which this fact is usually based, we find that they are 
either carbonates which split off carbon dioxide, solid hydrates 
which give off water- vapour, ammonia compounds which lose 
ammonia, or finally oxides where oxygen is set free by heating. 
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Now”, the specific heats of the gaseous products of dissociation 
are, according to Kopp/ as follows : 

O2 CO2 H2O 

8-0 9*8 8-6 

The atomic heat of nitrogen in the solid fixed condition is 
uncertain, and the value for ammonia is omitted on this 
account. The other three values lie sufficiently near the mean 
specific heats of the same substances in the gaseous state (per 
one mol at constant pressure between 0“^ and T) to allow us to 
assume that and a' and the terms containing these quantities 
in (30a) are very small. Looked at in this light, the fact 
expressed in equation (30) simply means that in the reaction — 

C 02 (goiid, fixed) vaporization ^ C 02 (gaseous, free) 

and in analogous ones, the constants of the equation governing 
it have a nearly identical numerical value, and that the approxi- 
mate formulae (28) and (30) give the same constant just because 
the terms neglected are small in the examples at our disposal. 

But if the numerical value 32 is correlated to the change 
from solid to gaseous state, the suggestion immediately presents 
itself that we might find the same number in the case of an 
ordinary vaporization, such as — 

C/O2(6olid, free) VapOrizatiOU C02(ga8€oii8, free) 

representing the quotient of the heat of vaporization and that 
temperature at which the vapour pressure of the solid substance 
equals an atmosphere. As Forcrand (Z.c.) has shown, this is 
really the case. 

To make the matter clearer we may proceed in yet a 
different way, making use of a principle which has to do with 
the reaction of solid substances with other solid substances to 
form solid products. For brevity’s sake, we will call such re- 
actions “solid” reactions. We can then say that in “solid” 
reactions the heat of reaction and the maximum work are very 
nearly identical. 

This principle is easily understood, because, in the first 
place, according to the Kopp-Naumann rule, the specific heat 
of a solid molecule is equal to the sum of the specific heats 

^ See compilation in Ostwald’s Lehrbuch der allgem. Chem.,” i. (1891) 982. 
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of the component atoms. Now, every chemical reaction is 
simply a rearrangement of the atoms to form new com- 
pounds. If the atoms retain their original specific heats 
in all the compounds, then initial and final substances have 
the same specific heats, and all differences between the 
specific heats of the substances formed and the substances 
used up disappear. But, in the second place, the effect 
of variable concentration, that is of mass action, is absent 
in the case of solid reactions. Bodlander^ has tested the 
principle in a most patent way on the basis of the following 
considerations. It ought to require the same amount of work 
to break up a substance in a saturated solution as in the solid 
state. Now, the saturated solutions of many substances are 
very dilute. Take, for example, the satutated solution of 
silver chloride, bromide, and iodide in water. Here the salts 
are almost exclusively present as ions. If we call the solu- 
bility of a salt S, meaning the number of salt mols contained 
in a litre of the saturated solution, then one litre of saturated 
silver iodide solution will contain S mols of Agl, S being very 
small. The concentrations of the two ions (A^* and I') would 
also be S. The work required to bring the ions from the con- 
centration S to the concentration 1 (one mol per Litre) is 
known. The work required to bring the ions from this concen- 
tration 1 i^to the solid elementary condition by discharging 
them electrically (decomposition voltage) is also known. 
According, therefore, to the principle with which we started, the 
sum of these two amounts of work must be equal to the 
negative heat of formation, that is, to the heat of decomposition 
of the solid substance into its solid components. 

In other words, we ought to be able to obtain the same 
quantity of work whether we convert the solid components 
directly into the solid compound, or whether we first bring 
them (by help of a suitable reversible cell) into solution as 
ions at a concentration of 1 mol per litre, and then dilute this 
solution in a reversible way (by help of an osmotic machine) to 
the concentration these ions have in a saturated solution of 
the compound. This work, according to the principle under 
discussion, must equal the heat of reaction of the solid sub- 
stances, In this way, Bodlander was actually able to determine 

1 Z,f,Phys. 27 (1898), 55, 
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with success the solubility of many solid substances from their 
heats of formation, on the one hand, and the electromotive 
forces of suitable electrodes on the other. 

Haber and Tolloczko^ have lent further support to this 
principle by showing that the counter electromotive force of 
polarization in the electrolysis of solid, non-molten substances 
corresponds very nearly to the heat of reaction. 

If we assume the principle of “ solid ” reactions as true, we 
can compute the degree of dissociation and the constant 32 
appearing in equation (30) in the following way. We will not 
discuss the general case, but instead take some specific case of 
dissociation like — 

CaCOglitCaO + CO2 

The line of reasoning is as follows : We produce a mol of 
carbon dioxide at atmospheric pressure from the calcium carbon- 
ate, first at the boiling point of solid carbon dioxide, and then at 
the temperature where the dissociation pressure of the carbon 
dioxide over the mixture of burnt and unburnt lime equals one 
atmosphere. In both cases, according to our initial assumption — 

A = U-y 

We now introduce the approximate assumption that TJ, that is 
the decrease in the total energy, has the same value at the two 
temperatures. We then know, from a former discussion of the 

matter (see p. 50, note 1) that would have the same value in 

both cases. Now, we can very easily determine the latent heat 
of the reaction at the boiling-point of the solid carbon 
dioxide, by resolving the reaction into a solid reaction where 
the heat and work are identical, and a simple vaporization. 
That is, we imagine that the solid carbonate is first converted 
into solid lime and solid carbon dioxide, and then that the 
solid carbon dioxide vaporizes under atmospheric pressure 
(boiling-point = 194*8° abs.). The heat of vaporization is equal 
to the total latent heat of the reversible formation of carbon 
dioxide from the carbonate, at atmospheric pressure and 
194 8° abs. According to Tavre,^ this amounts to —6257 caL 

* Anorg, Uhem,^ 41 (1904), 407. 

2 Ann, Chim, Fhys,, (5) 1 (1874), 250 ; Behn (Brudes Ann., 1 (1900), 270) 
finds 142*4 cal. per gi-am, from which we get the value of 6265*6 cal. per mol. 
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( ± 2 per cent, error). On the other hand, A is zero at the 
temperature where the carbon dioxide at atmospheric pressure 
is in equilibrium with the carbonate, and hence the latent heat 
q is equal to the change of the total energy of dissociation, or 
the directly measured heat of dissociation. This amounts to 
— 42,000 cal. 

Q* 2 • 1 • -k 4.1. 6257 42,000 , 

bince IS equal in both cases, — where 

signifies the temperature at which the pressure of carbon 
dioxide equals one atmosphere. The external work done against 
the atmosphere is neglected on the ground of our previous 
inquiry, which showed that A and U underwent an equal, and 
hence for our purposes immaterial, increment of ETSv'. Yet it 
should be observed that we have assumed the gas law to hold 
for carbon dioxide vapour at its boiling-point under atmospheric 
pressure, and this is certainly but a rough approximation at so 
low a temperature. 

It makes no difference what carbonate we take, provided 
only the requirement is adhered to that the specific heat of 
the carbon dioxide shall be the same at constant pressure both 
when bound to the base as a carbonate or when existing free as 
a gas. Without this assumption we could expect no agreement, 

for it is only true in this single case that ~ has theoretically 

the same value at all temperatures for any given pressure of 

6257 

carbon dioxide. The quantity value 32*12. 

Assuming that the heat of dissociation divided by 32 equals the 
temperature Ta, at which the pressure of carbon dioxide reaches 
the value of one atmosphere, we compute the following values 
of Ta; for several carbonates : — 



Heats of diss. 

Heats of diss. ^ 
82 “ 

- 2730 = tjc 
OQ. 

AgCO, 

16,500 (?) 

513 

240 

CaCO. 

42,000 

1312 

1039 

BaCO, 

55,900 

1747 

1474 

Na^OO, 

1 89,960 

2811 

2538 


a 
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Bearing 

Tronton 

Knle. 


The first of these numbers agrees with the observations of 
Joulin/ who found 4 to be about 225°. The second agrees 
with the observations of Debray, who found ^ to be about 
1000° The third agrees with the statement of Dorcrand that 
barium carbonate is decomposed at the highest heat of a gas 
oven. In regard to the fourth, Forcrand states that soda is 
extremely stable even when subjected to the very highest heat. 
Still, this is not as certain as one would infer from Forcrand's 
statement, for loss in weight certainly takes place when sodium 
carbonate is ignited. As is well known, this is the reason for 
not heating sodium carbonate to a glow in preparing it for use 
as a standard substance in acidimetry. Le Chatelier found ta, 
for calcium carbonate to be 812°, quite different from Debray's 
value. The heat of dissociation of silver carbonate is rather 
uncertain. The agreement is therefore not very pronounced, 
but depends on very interesting and instructive relationships, 
and seems natural enough. In an analogous way, Forcrand 
showed that for numerous double salts containing ammonia, 
which splits off when heated, the heat of dissociation, divided 
by the temperature at which the ammonia has a pressure of 
one atmosphere over the salt, gives the same number as does 
the heat of vaporization of solid ammonia under atmospheric 
pressure. Forcrand showed that the same held true for the 
heat of dissociation of a salt containing water of crystallization, 
and the temperature at which the water- vapour pressure from 
the salt is one atmosphere, compared with heat of vaporization 
of ice and the boiling-point of water, 
on The fact that the constant of the approximation formula 
® (30) lies so near the quotient of the heat of vaporization and 
the boiling-point of the substance appearing as a gas in the 
dissociation reaction (under atmospheric pressure), indicates that 
this constant has its source chiefly in the change in the state 
of aggregation which the substance experiences when it becomes 
gaseous. It also teaches us that the change from the solid to 
the gaseous state generally involves the consumption of some 
30 X T* cal. of heat in the most various substances ; Ta; being 
the boiling-point under atmospheric pressure. 

This fact reminds us of a principle which Desprez and 
Pictet stated in an incomplete way, and which Trouton later 
^ Ann. Chim. Fhys. (4), 30 (1873), 276. 
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developed lato a rule. According to this rule, the quotient of 
the heat of vaporization, (in gram calories) of homogeneous 
liquids, divided by their absolute boiling-point under atmo- 
spheric pressure, is likewise a constant, and equals about 21. 
Van't Hoff^ has shown that this rule finds an explanation in 
the atomistic theory of corresponding states, enunciated by Yan 
der Waals. Forcrand’s extension of the Desprez-Pictet-Trouton 
rule to the transition solid-gaseous, shows us that the relation 
of latent heat and state of aggregation possesses a still more 
general regularity, and makes it seem possible to extend Yan 
der WaaFs theory to the solid state. Perhaps, too, these facts 
serve to render the idea of entropy more comprehensible, for 
the number 32, or in the case of the Desprez-Pictet-Trouton 
rule, the number 21, is nothing but the change of entropy in- 
volved in the change of the state of aggregation under a 
pressure of one atmosphere. The significance of entropy in 
the simplest changes of substances is therefore patent. 


APPENDIX TO LECTUEE III. 

Nernst has recently put forward a new point of view for the cal- 
culation of chemical equilibria from thermal measurements.^ His Nernst’s 
starting-point is the assumption that for “solid” reactions (p. 78), 
not only does the relation ^ — hypo- 

[A„] = [Q„] 

hold, according to which heat and work are the same for all reactions 
at absolute zero, but also — 

[So] = 0 

This means that not only does the product TS become zero when 
T = 0, but for this class of reactions at 0° abs. the change of 
entropy itself is zero. Whether the assumption is correct or not 

1 ‘‘ Vorlesungen,” 2nd edit, 1903, p. 52. Compare also Nernst, “Theo- 
retische Chemie,” 4th edit, p. 328. Numerous examples are to be found in 
both places. For other examples see Forcrand (Z.c.) and Traiibe, Berl, Ber.^ 

31 (1898), p. 1562. Forcrand’s objections to Van’t HofiPs views do not seem 
to me grave ones. 

2 “ Gottinger Nachrichten,” 1906. Also Nernst, “ Thermodynamics and 
Chemistry ” (Ohas. Scribner’s Sons, New York, 1907). 

3 All terms applying to solid reactions may be put in square brackets. 
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caa be determined solely by experiment. Since, however, direct 
observations are not possible at or near the absolute zero point, the 
deductions for higher temperatures which follow from this idea must 
be tested. Now, no single deduction of this nature can be reached 
without the help of new hypotheses, so that if a deviation occurs the 
subsequent hypotheses may be incorrect, and not Nernst’s assumption. 
Conversely, if experiment should seem to confirm the assumption, it 
still remains unproved, for inexactness of the assumption and of the 
auxiliary hypotheses may compensate one another. Since, however, 
Nernst’s fundamental hypothesis ^ is a very simple one, it appears 
allowable to accept it as a working hypothesis. A more detailed 
discussion will be given in the latter part of this appendix. 

If we apply Helmholtz’s equation to “ solid ” reactions — 


and put — 


[A] = [Q] + tM- 
[Q] = [Q»] + [<r']T + Kjr . 


( 1 ) 


Nerust’s 
own way 
of ex- 
pressing 
the hypo- 
thesis. 


1 Nernst expresses it somewhat differently. He puts — 



Now, [Q] denotes, according to Nernst, heat put in, while we define it as 
heat given out. Therefore, in our notation — 


Now — 


and therefore — 




0 




= [So] 


On the other hand, it follows ft^om — 


that— 

[Qi] = [Qo] + [<r']T + [<r"]r 

^§3 = M+2[,r'']T 

and — 


Therefore — 


[So] = M 


and firom the later explanations in the text — 


[So] = 0 = [cr'J 
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we obtain, according to the explanations in Lectures IL and III. — 

[A] = [Qo] - [a-']mT - + [constJT . (2) 

The specific heats are those obtained by heating the solid substances 
without production of work — that is to say, by heating in a vacuum. 
The usual values of specific heats of solids determined at the constant 
pressure of 1 atmosphere are not sensibly different from those in a 
vacuum, and may be taken in their stead. Equation (2), therefore, is 
identical with that which we obtained directly from Helmholtz’s 
deductions (p. 50) — 


[A] = [Qo] « [(^']T^y^T - [cr"]r + (M + 2[<r"] - [SJ)T (2^) 
Hence 

[cr'] Hh 2[<r"] - [SJ = [const.] .... (B) 


Substituting in (2) — 

[Qo] = [Qt] - MT - K']T^ 

we get — 

[At] = [Qr] “ [cr']T(l + UT) ^ 2[o-"]T^ + [const.]T (2i) 
Now, observing that — 

[At] — [Qt ] _ ^ j-g^ 

we obtain — 

[S] = [(r'](l + hiT) + 2[<t"]T 4- [const.] 

Plence, if T = 0 — 

[So] = [(r'](l + InO) + 2[(r"]0 + [const.] 


If [So] is to be zero, then in the first place [o-'] must also be zero, 
for, since InO equals — cc , the product [(r'](l + InO) would be —cjc 
for every finite value of [a-']. Further, for [So] = 0 the constant 
must also be zero. 

If we take [o-'] = 0, it is the same as saying that at the absolute 
zero point the hypothesis of Neumann and Kopp holds good, the sum 
of the atomic heats being exactly equal to the molecular heat. 

Then it follows from (3) that — 


0 = 0 + 2[<r"] - [S,] 

hence — 

[SJ = 2[<r"] (4) 

and from (2a ) — 

[At] = [Qo] - K]T^ (•2«) 
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and from (1) — 


[Qt] = CQo] + [cr"]T^ 


• • (15) 


According to Nernst these exceedingl 7 simple equations hold good 
for solid reactions, though of course he does not disregard the fact that 
higher terms "with or T"* may he of influence. If, for example 

m = [Qo] + 

then — 

[AJ = [Qo] - - 0-5 [<t"']T= - 0-3S[<t""]T‘ 


Because of our insufflcient knowledge of such higher terms as [ct'"]!’ 
and [it""]T^ the question whether [o-'] equals zero is veiy difficult to 
decide experimentally. 

How, the connection with gas reactions appears from the following 
considerations. Let the vapours be in a state of equilibrium with 
the solid substances from which they are derived. Taking as an 
example the reaction — 

2H2 + Oo^2H20 


let us imagine a reversible isothermal cycle with this system, 
whereby, during the first step, 2 mols Ha and 1 mol 0^ are vaporized ; 
in the second, 2 mols of water-vapour are formed out of these 3 mols ; 
in the third, these 2 mols of vapour are condensed to ice ; finally, the 
2 mols ice are decomposed into solid oxygen and solid hydrogen. 

Then, if we write values which refer to vaporization in round 
brackets, and values which refer to gas reactions without brackets — 

-|-2(Ah'j) ■+• (-^oj) + -^T ~ 2 (Ah2o) ~ [.^t] = 0 

and — 

[A,] = A, - 2v'(A) (5) 

If, now, the equation for [AJ, that is — 

[AJ = [Qo]-K]T^ 

be true, and if the thermodynamically indeterminate constant in this 
equation is 0, as Nemst suggests, we can calculate the value of this 
constant in the equation — 

Ax = Qo - cr'pTlnT - a"T2 - RT^v'hif + const. T (6) 

provided we know the value S»''(A) completely. 

Let us put, according to p. 77 — 


2(Ah2) — 0 — 2(Qo(H2)) — 2 ( 0 - (H2))T^ 
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for the work of vaporization ^ of 2 mols solid hydrogen under the 
equilibrium pressure and similarly for 1 mol Oo — 

(Ao^>) = 0 = (Qocoa)) ““ (^i;(02))T/?^T — (a ^02))'!^^ ~ +7(02)T 

and for 2 mols HgO — 

2(Ah2o) = 0 = 2(Qo(H20)) “• 2 ((r p(H20))TZ/2'T — 2 (cr (H20))T^ 

— 2 RT. + ^y(H20)T 

then we obtain on summation — 

— Sv(A) = 2 (Qo(H2)) + (Qo(02)) ^(Qo(H20)) 

“ K^^J>(H2)) + (<^i>(02))~2(<T^(HoO))}T^^^T 

- {(2cr'^,2) + CA 2 ) ~ (2A2o).T^ 

4- • 

i^m(02)i^»»(H2) 

d" (^7(H2) + 7(02) ““ ^7(H20))T 

Instead of this, we can put — 

- V(A) = -Sv'(Qo) + Si/'«)TZ/iT + V(o-")T-^ + RTSv7/iy,, 

— Sv'yT (7) 

Now it may readily be seen that — 

~2v'K)=M~aV (8) 

or since, on Nernst’s assumption — 


[^] = b 

therefore — (9) 

Further — 

- 2 v'(cr")= [<r"] - a" .... ( 10 ) 


If we replace [AJ by its value in {±c) and At by (6), then (5) 
becomes — 

~2v'(A) = [Qo] - [cr"]T2 - Qo d- 

+ RT2v7?^2?'^ — const, x T 

or from (9) and (10) — 

-2v'(A) = -Si^'(Qo) + V(<r;)mT + SvV)T^ 

+ RT2v7^p,„ — const. T . . . (11) 

and from (7) and (11) 

const. = 'Xv’y ...... (12) 

^ The letter 7 stands for the thermodynamically indeterminate constant of 
the vaporization process. 
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Our 

notation 
compared 
witli that 
of Nernst. 


The 
basis of 
Nemst’s 
deduction. 


The relation [Qq] — Qo = “-Sv'(Qo) has been made use of in 
this derivation. It is readily obtained when the cycle is imagined 
to be carried out at the absolute zero, and the heats given out are 
summed up. This sum must be zero, as in every reversible isothermal 
cycle. 

The thermodynamically indeterminate gas-reaction constant is 
therefore found to be the sum of the vaporization-constants 7 of the 
gases concerned. 

Nernst defines his values somewhat differently. According to 
him, the value which we call 7 is -f 2IwR). Our value (cr'^), 
which represents the difference between the specific heat of 1 mol in 
the solid state at 0® abs. and the specific heat of the same mol in the 
gaseous state at 0° abs. and constant pressure, — 

~ ^ (solid) “ 0 

does not appear in Nei'nst’s equations. He puts for the value 

a + E, and for G°(,oihri the symbol a^, thus— 

*“ i^'p) = R + a — tto 

Similarly, according to Nernst’s notation — 

- (O = ^ - /?o 

Lastly, he uses —Xq instead of our symbol Qq. 

In the course of his work Nernst defines another constant 0 — 

2*3020 = (i 4- ZwE) (18) 

Our value 7 is accordingly given by the expression — 

7 = 4*5710 (14) 

(The value 4*571 is employed for E?^10. Nernst prefers this value 
to the value 4*5 C used in this book.) 

The validity of Nernst’s deduction depends entirely upon our 
decision whether or not we can employ the expression — 

0 = (Qo)-(<r;)TZ^T~(a")T2-RT/^j;,,+7T . (15) 

for the Vaporization of a solid. As was shown on p. 76, this 
formula is derived from that of Olapeyron and Clausius, which holds 
in all cases, when — 

(ct) the saturated vapour obeys the laws of perfect gases, and 
(5) the volume of a mol in the solid or liquid state is practically 
vanishingly small compared with that of a mol of the saturated 
vapour. 
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Now^, it is a well-known facfc fcliat both, these suppositions are nofc 
in general fulfilled by saturated vapours. Consequently the author has 
in the Third Lecture used formula (15) with great care. Nernst now 
puts forward the very interesting proposition that formula (15) also 
holds when both suppositions are bub very imperfectly realized. He 
establishes his theory so that he puts forward the empirical relation — 

= Kt(i .... (16) 

for the relation of the molecular volume Va iu the gaseous state and 
Vj, in the liquid state to the vapour pressure and the temperature 
T of vaporization. 

denotes the critical pressure. 

On the other hand, he gives the expression — 

(Q,) = <(Q„)-3-f)T + (OT*j(l--^j) . . (17) 

for the heat set free during vaporization (negative heat of vapori- 
zation). When both these equations hold, then the expression of 
Clapeyron and Clausius — 

-(QT) = m-n)^% .... (18) 


becomes converted into formula (15) without the necessity of using 
the law pv = RT. Then by introducing (1C) and (17) in equation 
(18) we obtain — 

-(Q„)+3-5T-(a")T^ = |^-xf|i . . (19) 

But the integral of (19) is identical with (15) when we admit that — 


= - 8-5 


We obtain from (16) the general gas equation for perfect gases when 
Prn, becomes very small compared with the critical pressure, and Vf, 
consequently, very small in comparison with the gas volume At 


the critical pressure itself, where then 



1 


, -El” ^ 


becomes zero. As far as the relations at those temperatures where 
is a considerable fraction of are concerned, Hernst shows 
that for benzene fluoride, which Young has studied with special 


accuracy, the deviations of the expression R ( 1 — ~ ) from the 


go 
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ISTernst's 
assump- 
tion con- 
cerning 
the 

numerical 
values of 
the 

specific 
heats at 
the abso- 
lute zero 
point. 


observed value f 


{Va - n) 
T 


amount to only one to two per cent, of 


the whole, the temperatures being 0*66 to 0*84 times the critical 
temperature (550*6° abs.). For higher temperatures the agreement 
is much worse, for lower temperatures even better. Nernst tests 
equation (17) on ammonia (critical temperature 404° absolute), and 
finds at 313° absolute, at 0*77T;k, a deviation of 2*7 per cent., 
which becomes greater at higher temperatures and vanishes at 
decreasing temperatures. 

hTo more examples are given. In both cases which have been 
considered, the vapour pressures which correspond to the temperatures 
of 0*84Tx. for benzene fluoride and 0*77T;b for ammonia are 13 and 151- 
atmos. respectively. Above 20 atmos. the formulae are thus in both 
cases insufficient. But if it should be found that saturated vapours of 
all substances up to 20 atmos. obey with equally good approximation 
(16) and (17), whose introduction into (18) gives formula (15), then 
an important advance has been made. According to the inter- 
pretation of the author, this is a cardinal point of Nernst’s theory. 

Equation (17) contains the idea that the value (a),) is — 3*5 for 
all substances. This means that the specific heats of all gases at 
absolute zero exceed those of their condensation products by 3*5, 
whilst, as is well known, the specific heat of saturated vapours is 
usually less than that of their condensation products. Nernst 
characterizes this as a preliminary assumption, the proof of which 
is wanting. It seems that up to now only Dewar ^ has determined 
the specific heat of gases in the solid state at very low temperatures. 
He found the specific heats of — 


at 

to be 


COs NHs 

-130° -145° 

9*68 8*5 


SO, 


-143° 0. 


14*7 


The specific heats of these substances in the gaseous state at the 
same temperature are probably smaller. 

The value (tr") which occurs in equation (17) is deduced by Nernst 
in the following manner. Let T in (17) be a temperature for which 

P 

is only a small fraction of pj,, then the terms 3*5T-- and 

Pjo 

(cr")T2^ are so small that they may be neglected, and (17) can be 

Pjo 

written — 


^ Chemical News^ 92 (1905). 
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(Qx) = (Qo) - 3-5T + (c7'')T» - (Q„)^ 
Oa diiferentiating with, respect to T, we ohtaia — 


^(Qt) 

tf£ 


-3-5 + 2(tr'')T 


(Qo) ^ ^ 
^ dT 


Now, the last term on the right-hand side is small, and in order to 


obtain an approximation, we may replace which is equal to 


— (Qx) 


, according to (18), by ; or, using the gas equation 

for Vo — 

ET 


dVm_ _(Ql)^ 
dT “ ' RT'"' 


whence it follows that — 


(f(Qx) 


- 3-5 -f 2 (<t'0T -H X -g* 


( 20 ) 


If (Qx) and are known for any temperature T, as w’ell as j.?,„ 

and the critical pressure^*, the values of (or") and (Qo) can be obtained 
with the aid of both equations (17) and (20). When (Qo) and (a") 
have been found in this manner, y can be easily calculated from 
formula (15). The reliability of this y value, to be sure, depends 
entirely upon whether the value —3*5 for (cr';,) can be accepted 
as correct. 

Nernst still further extends the hypothesis based on this assump- 
tion regarding relationship at the absolute zero. He concludes, with 
the help of the kinetic theory of gases, that the monatomic gases show 
at all temperatures the same ratio of the specific heats at constant 
pressure and constant volume, namely 1-66. Therefore the value of 
their molecular heats at constant pressure and absolute zero is the 
same as at all other temperatures, namely 5*0. Now, since he puts 
(oTp) = —8*5, the molecular heat of a monatomic substance in the 
solid state at absolute zero must be 1*5, because — 

C°(solIcl) C'° 2 )(gaa) = C^'p) ~ — 8*5 

and — 

5 

OViid) = 5 - 3*5 = 1*5 


therefore — 
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But if all monatomic substances at 0° (abs.) have the specific heat 
1*5, it then follows from the previous supposition, according to which 
Kopp’s law holds for all solid substances at T = 0, that the molecular 
heat of an ? 2 -atomic solid substance (T = 0) is ^ — 

n X 1*5 

and it follows that the molecular heat of an ?i-atomic gas at the 
absolute zero and under constant pressure is — 

3*5 + ^ X 1*5 

Accordingly, for example, the specific heat of a diatomic gas such as 
O 2 and Ha at constant pressure and T = 0 would be — 

3-5 + 2 X 1*5 = 6*5 

and for a triatomic gas, e.g. water-vapour — 

3*5 + 3 X 1*5 = 8*0 

The results of this conception are very wide-reaching. If the true 
specific heat of a gas at any temperature and constant pressure has 
been measured, we can deduce the mean specific heat of the gas 
between 0"^ abs. and any temperature which we please with the aid of 
the value — 

0°^ = 3*5 +nx 1*5 

assuming that the mean specific heat is a linear function of the 
temperature — 

(3*5 +nx 1*5) 4* bT 

Hereby, however, one meets deviations from experiment either due 
to the fact that the expression — 

G% = 3*5 + n X 1*5 

is nob exact, or to the fact that the specific heat is not a linear 
function of the temperature. On the other hand, we can obtain 
values j9/(ar") from equations (20) and (17), and, knowing the specific 
heats of the saturated vapours, we can deduce the specific heats of 
the condensation products. For the same reasons we should also 
expect to find deviations in this case, the extent of which could 
only be determined after more accurate investigation. 

Now, the points of view which have been developed are not 

^ For views and experimental facts concerning the specific heats of solids 
at very low temperature, see Yan’t Hoff, Yorlesungen ilher theoretisebe und 
physiJcalische Chemie, 1899, vol. iii. § 4, 5; and Forch and Nordmeyer, Prude’s 
Ann., 20 (1906), 426. 
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suflicieEfcj oven presnpposini^ their corrccbness, for the calculation of 
y in the cmcs wliich are of most importance. It m precisely those 
gaBcs which eliiefiy take part in actual grw reactions, the so-called 
pcnnaiieiit gases, whose critical points lie so low that up to the present 

sufficient experimental information regarding (Qt)» v nnd 

has not l)Ct*n gathered for us to ailculate (Q„) and (a"), and those 
are essential, iwrording to formuhe (17) and (20), to detennine y in 
formula (15). Hie whole deduction am only be serviceable for 
the numerical evaluation of the thermodynamically indeterminate 
coimtents when a further relation is found, which will render y acces- 
sible in this cme also. The metliod which Nernst adopts for this 
purjiose is a very interesting one. It is g(memlly acknowledged that 
the vai>our pressure at a tcmi>erature T could be calculated from 
the critical data 'i\ and hi ^tn identical way for all substances 
provided wo {xmeffied a sufficiently exact characteristic equation of 
the state of universal applicability. The characteristic equation of 
Van der Wmils— 

(^+")(t,_6) = ET 

is t>ofc sufficiciiUy exact, and a non-arbitrary deduction from a 
theoretioil consideration of a more exact exprossion is not possible. 
Under thms circamstanccs we naust have recourse to empirical 
approximations. 

We shall, however, simply suppose that an exact fonnnla does 
exist, which would take theoretically the form — 

ft'/© 

Here//* denotes the critical pressure, and T* the critical temperuburo, 
/ a function whoso exact nature is unknown, as explained above. 

were known, we could express 2>m iu terms “nd 

jif But now, with the aid of (1.')), wo can, according to Nernst, 
ciilculate p„, at lamt for values of T which do not lio too near 
the (:riti 0 il temperature. This means that the equations (21) and 
(15) would give the same values of ju. Consequently the values 
(QbX («')» 7f which determine the value of in 

(1 !)), would Ikj connected with jh io- a way that they 

could be expre^ed by them. For this fictitious case y could also be 
calculated from the cTitical constants. 
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The 

empirical 
approxi- 
mation of 
Van der 
Waals. 


IS'ow, Van der Waals has incidentally proposed — 


(- 22 ) 

as an empirical approximation, a denotes a constant. If we assume 
this approximation as sufficiently exact, then y can be calculated 
from and according to (22) and (15). This is Nernsb’s 

interpretation. He puts — 

1 - 1 « = 0 = 

4*571 

or (rounding off slightly) — 

y = 

This simple numerical relation between a and y is, however, not 
directly capable of proof, because the formulae (15) and (22) cannot be 
brought into entire agreement. This is readily seen on transforming 
(22) into — 

r£ 

Jnp^ = ~ 2 * 802 rt'Y + 2 * 802 (ri^ + logi?,) 
or written otherwise into — 

0 = -4*571 X ^ X Tj. - 'RTlnp,^ + 4*571(^^ + log pj,)T 

If w’e now compare this with (15) we come to the conclusion that, 
were and (o-") zero,^.^. if the vaporization heat were independent 
of the temperature, (Qo) would have the value —4*571 x X T;t, 
and y the value 4*571(r^ + Then the two expressions would 

be the same. But experimentally the values (a^,) and (or") are not 
zero, and any comparison at all of (15) and (22) is difficult, since (15) 
agrees better with experiment the farther we are below the critical 
temperature, while (22) is most accurate in the immediate neighbour- 
hood of the critical temperature. 

The relation of (15) to (22) becomes still clearer after another 
algebraic transformation. If we refer (15) to the critical point, 
thus — 

0 = (Qo) — ((T — (a -t- yT^ (15^15) 

and subtract (15) from (1 6a), after dividing these expressions by 
ET and ET;^. respectively, it follows that — 


log 


Pm 


(Qo)^ 


fh 

4-571TAT 





If we put — 


(Q,) = -4-571aT* 
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then the expression becomes — 





But this is identical with (22) only when (cr'^) and (or") are zero. 
Still, an approximate agreement is at least conceivable when 

the terms log ^ and *“ nearly the 


same 


value, but opposite signs. It is then to be observed that (o-'^) and 
(or") either cannot in the least depend on the nature of the sub- 
stance, or if they do so, they must be functions of T*, and a 
which have the same form for all substances. Nernst now puts 
(a’p) = —8*5 tentatively for all substances, as has been formerly 
mentioned, and also — 

a 

E “2-86 


and finds from the resulting formula — 
~ ““ 0 log 


approximately the same values for log as from (22) when a in (28) 

Pm 

is chosen only slightly different from a in (22). 

Now, the values of a in general are somewhat uncertain. Accord- 
ing to Van der Waals, who brings forward much direct and indirect 
evidence in favour of his view, a should have the same value, 
namely 3, for all substances. Eamsay^ and Guye and Mallet^ 
share in this view when polymerization does not interfere. 


73 

Nernst represents the results of observation graphically, log -J- 

Pm 

being taken as ordinate, and l) as abscissa. But he does 

not obtain by any means the same line for all substances. He finds, 
on the contrary, that a is larger for higher molecular weight or for 
a greater number of atoms in the molecule than for smaller molecular 
weight or a smaller number of atoms in the molecule. The values of 
a vary from about 2 to 4, and therefore lie around 3, the value which 
Van der Waals thinks ought to apply. But it is further to be observed 
that the lines for one and the same substance are not straight, 
but are a little curved, so that formula (22) is by no means an exact 


1 Zeitschrift f, physic, cliem., 15 (1894), 106. 

^ Archive des sciences physiques et naturdUs^ Oeneue, (IV.) 13 (1902), 66. 
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expression of the facts.' Under tliesc circuiiisUinces Nernst makes 
use of the following expedient. He calculates it from (ti) for tem- 
peratures between 0-8T* and 0-7lT», where this formula agrees com- 
paratively well with experiment. On the other hand, lie calculates y 
(that is to say, his constant 0, which corresiKinds to our y) from 
(15) in the way previously described, and olitains in this manner 
the relation y = 5«, which he accepts ns v’alid in all cases. The 
exact details of this calculation have not yet been oommunicated. 
The following table for various values of 0 contains the resnks. 
The author has placed the values of y beside corresponding values 
of 0. 


Numerical 
values of 
the 

thermo- 
dynamical 
indeter- 
minate 
constants 
of vapori- 
zation 
processes. 



c 

y 


C 

y 

Ha 

2*2 

10-0 

(X)^ 

(JS, 

ni4 

3*2 

14-6 

Oil, 

2-5 

11*4 

3*1 

14 2 

^2 

2-G 

11*9 

3-3 

15*1 

0, 

2*8 

12*8 

ILO 

3*7 

im 

0(5 

3*G 

1(>*5 

OOb 

OlKib 

3*1 

14*2 

Olj 

3*0 

13*7 

3*2 i 

I4li 

L 

4*0 

18-3 

O.H, 

3*1 i 

14*2 

H& 

3*0 

13*7 

o,iM)n 1 

4-1 I 

18*7 

NO 

about 3’7 

16*9 

OJI^CKUI, ; 

3*3 ^ 

lift 

N,0 

3*3 

15-1 


3*7 ’ 

lihfl 

HjS 

s6, 

3*0 

3*3 

I 

13-7 

15-1 

011,0000,11, i 

j 

3-H ^ 

17*4 


Compari- If we HOW consider the relation of Nernst’s mterpretiifcioit to thiit 
NernLs Second Lecture, the following may be noted 

views with The hypothesis (for solid reactions) that 
those ex- 

plained in L^oJ ^ 

is of prime importance. If in a system of rectangular co-ordinatos wo 
plot T as abscissae and [A] and [Q] as ordinatos, we obtain two limn, 
according to Nemst’s equations (2c) and (16), which converge at the 
value [Ao] = [Q,], without intersocting. It is important to olwcrve 
that the directions of both curves become more nearly {amdlol to the 
axis of abscissae the nearer we approach the absolute zero. However, 
if we take for [A] equation (2), and for [Q] equation (I), where [(r'] is 
not zero, we then obtain two lines, which at higher tomjjeraturtw mu 
similarly to those in the case above, and also meet one another at 
the absolute zero. But they show a different® in the neighbourhood 

1 Happel [Brude’t Ann. d. Ihymk, 13 (1904), 340) find*, too, tlmt « k 
dependent upon the temperature. H. v. Jfiptner (ZeftejAn /. Chemk, 

55 (1906)) comes to the same coneludon. 
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of the absolute zero. The curve for [A] intersects the curve for 
[Q] very near the absolute zero, then bends and meets the curve for 
[Q] at the absolute zero itself. In the former case the angle of 
inclination of the two curves at the meeting-point, T = 0, is zero j 
in the latter case it is about 90®. That is to say — 



and 

Iim(^-^" ^ = const. - [<T'](7/i0 + 1) = —cc 

Nernst’s fuither supposition regarding the specific heat of gases 
renders it necessary that the difference of the specific heats at the 
absolute zero or <r'„) be zero in all those gas reactions where the 
number of substances which are formed is equal to the number of 
those which disappear. Now, since the size of the degree interval 
of the thermometer scale has no effect upon the thermodynamically 
indeterminate constants of gas reactions except in those reactions where 
(s\ does not differ from zero, we can no longer retain the deduction 
developed on p. 45 if we accept Nernst’s hypothesis. The idea of 
the influence of the degree interval is based on the evidence produced 
by Th. W. Eichards and Van’t Hoff that the thermodynamically 
indeterminate constant becomes zero when the appearing and dis- 
appearing substances possess the same specific heat. This proof does 
not appear to be conclusive in the light of Nernst’s interpretation. 

If we return to the usual approximation (p. 66) formerly 
made in theoretical physics, according to which the assumption of 
Buff and Olausius holds, and the heat of gas reactions at constant 
volume is independent of the temperature, then the reaction energy 
of gas reactions may be written (see p. 69) — 

A = Qo + ETSv7/iT - RT:§v7?^' + const. T 

When the number of disappearing mols exceeds the number of 
those formed by 1, then — 

A = Qo — RTM — RTSv7^' -f const. T . (24) 

Nernst’s expression, on the contrary, is as follows : — 

A = Qo - 3*5TkT - (r"T2 - ETSv7^' - VyT 

Now, since (r" is small, but generally not sufficiently well known, 
Nernst recommends the following approximation ; — 

A = Qo - 3*517^T - - S/yT 


g 8 ’ thermodynamics 

This means that the constant of the formula (24) is approximately— 
const. = — Si'V “■ YhliiH 

The calculations of former physicists can in this way be conveniently 
compared with those of Nernst. The theoretical bjisis, however, is 
quite different, because Nemst’s approximation does not agree with 
the assumption of Buff and Clausius. 

The cardinal point of Nernst’s theory lies in the hypothesis tliat 
the vapour-pressure curve can he represented by — 

0 = (Qo) - (o-' 5 .)Tf«T - ((t")T“ - RT/np„ -f- yT . (lo) 

although the saturated vapours do not obey the gim law, which is 
all that has been used till now in deriving this fonnnlu from 
the strictly valid formula of Olapoyron and Clausius. The vapri- 
zation constant y, and further the thermodynarniwlly indetenninahj 
constant for gas reactions, can only bo deduced with the help of tliis 
hypothesis from the vaporization constants of each of the participating 
gases. The starting-point of this is the empirical formula— 

= .... (IB) 


On differentiating formula (15), we obtain — 

^ It “ RT R ■ R 


{\rm) 


But according to Clausius and Clapeyron (sec (1«), p. 8{>) — 


-(Qt) ^ ^ 

(J’a - Pm '^T 


From this it follows, if (15) and consequently (15«) arc correct - 


(Qt ) 


(v„ - 


Qo ■ (^r) . ('^')T 
RT^ R ^ R 


On applying formula (16), it follows that — 

(QT) = {(Q.) + (o',)T-h(<T")T»(l-J^) . (25) 

If these empirical expressions (16) and (25) are further by 

experiment, an important perfection of our knowledge r^arding 
the vapour-pressure curve has been attained. 

The vaporization constant y takes ns back finally to statefflents 
of Trouton and Forcrand. 

Nernst puts forward the smne formula which is given m 
formula (30a) on p. 77 of this book. But he does not aMame 
that the terms containing (o-„) and (</') compeni^te one another, 
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giving zero ; iiccortling to him, the consbunt of this expression, there- 
fore, does nob hecomo about iJO, He puts — ipf) for according 
to liis former hyiMibhessiK. Furtlier, he puts for ((r") a rmuibnr 
ohudned from the ol)serv!itiona of the specific heats of gases, and for 
the cotiHtanfc lie puts his y value according to the table given above, 
based on iiis hyiM^tliosis regarding the values at the absolute zero. 
In this way he actually obtains, for example, for the ammonia com- 

l>oundH of the metallic Halts the observed value of .H8 for ij. He then 

200 

puts generally, neglecting terms with o-" and the factor — ’ 

where Hignifies the teraperaturo at which the vapour pressure 
is eqiuil to 1 atmosphere — 

_ = HT./aT -b y 

m lui approxitnaUon formula. Since I/he values of y, according 
tci the table, lie in the neighbourhood of IB *7, it folio vrs that 

equals- 

2i»-7 for T = 1 OO 

njffi „ = 800 

8r)-8 „ = 800 

87-7 „ = 1000 

According to Le Chatclier and Forcrand, as has been pointed out 
earlier in this work, the values found are about 32, with variations 
of ±7. 

Thus tile (motionb -S"*— does not appear to bo constant, 

but has different values according to the temperatures for which 
//.„ - l,uiid also according to the y value of the substance. The 
srinc api>licH to those analogous cpioticnts from the heats of vaporiza- 
tion and absolute boiling-points at atmospheric pressure, the constancy 
of which has been maintained by Dosprez, Pictet, and Trouton. 

The application of Nomst’s hypothesis to the gas reactions leads 
dually to the following numerical expressions, which satisfy the 
meMurements carried out on the gas equilibria concerned 
(«) -b H,0 + A 
A = 57,890 - l-7r>TteT - 0-0008T* - 
4- 0*4 6T 

= 57,800 -1- 1-75T + O'OOOST’ 
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(h) CO + iOj^CO^ + A 
A = G7,G50 - r75Tto.T + O'OOloT^ - RT/n 

/'CO X 

- 8 - 2 T 

Q = G7,650 + 1-75T - O'OOlyT^ 


(c) iN,+ iO.:itNO + A 


A = 21,600 - 0-0002T2 - 
Q = 21,600 + 0 - 0002 T'' 

id) iH, + 4 a$HCl + A 


+ 


A 6 T 


A = 22 , 000 -ET?n 
Q = 22,000 


j^ HCI 

/h 2 ~x 


+ 1 - 8 T 


It is here assumed that the heat of formation of hydrochloric acid 
gas does not sensibly alter with the temperature. This assumption 
is certainly not in harmony with the observations on the specific 
heats of the gases. Nernsb, however, assumes that the value for the 
specific heat of chlorine is influenced by deviations of this gas from 
the gas laws. The thermodynamically indeterminate constants of 
these equations follow for those four cases from the former table as 
follows^ : — 

{ft) 7h20 - 7112 “ ^7o 2 = lC-9 - 10 - 6*4 = 0*5 

(^) yc 02 “ rco - i 702 = 14*6 - 16*5 - 6*4 = -8*3 

W 7 no — i7o. - = about 16-9 — 6*4 — 5*95 = about 4*55 

{ d ) 7hci“ i7cb~ W 2 = 13*7 - 6*85 ~ 5 = 1*85 

The values of the thermodynamically indeterminate constant 
satisfy in all four cases the measurements which have been carried out 
on the gas equilibria concerned with perfect exactness. Since the 7 
values have been obtained from the values of a in an approximate 
manner (by multiplication with 5), and the values of a themselves are, 
as Nernst emphasizes, uncertain to some extent, considerably different 
values of the thermodynamically indeterminate constant would not 
necessarily contradict Nemsb’s calculations. 

As a final example Nemst gives — 


(0 P^ + fH^^NHa + A 
A = 12,000 - 3-5T W - RT?« - 7 “ r - ll’O 
Q = 12,000 + 8*5T 


1 Small differences in the foregoing and following values arise only from 
rounding off in the calculations of 7 from 0, as given m the above table. 
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This expression only claims approximate validity on account of the 
omission of <j\ It gives %r the dissociation of ammonia at 898° abs. 
the -value which has been experimentally found at 1293° abs. It 
would be very interesting to determine whether the thermodynamical 
indeterminate constants, which in this way result from the y values, 
satisfy the observations on other gas reactions. 

It is certain that Herns t’s system is the most interesting and 
comprehensive in this field. 


FOUETH LECTUEE 


General 

observa- 

tion. 


EXAMPLES OF EBACTIONS WHICH PEOCEEP WITIIOPT A CIIANCiE 
IN THE NHMBEE OF MOLECULES 

We will now undertake to apply the rolationsliiim we have just 
deduced to a few examples. We must, however, preface our 
remarks by an observation of a general nature. 

All the reactions to be considered are roveivsiblo. Wo may 
therefore write them as though proceeding in both diroctions. 
As, for instance — 

Ha + Cla = 2HC1 (1) 

or 2HC1 = Ha + Cla (2) 

Whether we get a positive or negative value for the hiNit 
of reaction depends on which direction we ohooHo. Our 
definition of the equilibrium constant also depends njmn this 
same choice. We can, for instance, in the case just citctl, 
consider either — 

C^HCl _ Cua X Ccia 

Oita X Ocij 0 “hoi 

as the equilibrium constant. The former corrosijonds to 
equation (1), the latter to equation (2). Our choice here is 
entirely free, and we find no fixed usage in the lit«*ratnrc. I 
shall therefore choose, once for all, the formation reaction »r a 
starting-point — that is, in the case just considered, the nioetion 
represented by equation (1). 

On this scheme the compounds always appear in the nuuienttor 
of the equEibrium constant, and the componmt» in the denomi- 
nator. The heats of reaction are thus always heats of foriiiation, 
and not heats of decomposition. A further simple councquonca 
of this is that large values of the equilibriuna constant always 
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indicate very complete combination, small values far-reaching 
decomposition. 

We have a further choice in the number of molecules we 
take. Thus, the eq[uation. for the formation of hydrochloric acid 
may be written either as — 

H2 + CI2 = 2 HC 1 
or 4H2 + i-Cl2 = HCl 

In the former case the heat of formation is that of two mols 
of hydrochloric acid, in the latter of but a single one. The 
equilibrium constant in the first case would be — 


in the latter — 


C^HCl 

Ch 2 X Cci 2 
Choi 

Cirg X Ctiz 


Both are equally admissible.^ I prefer the second, because 
the equilibrium constants thereby acquire convenient values. 
I believe that tliis advantage should not be underestimated. 
In many instances, such as in the formation of sulphur trioxide, 
one can see at a glance many useful relationships, provided 
the equilibrium constants have low and convenient values.^ 
Since we are only considering cases where the reaction 
proceeds without a change in the number of molecules, it is 
immaterial whether we use concentrations, per cents, by volume, 
or partial pressures in our calculations. Further, it is more 
probable here than elsewhere that the thermodynamically 
indeterminate constant which we discussed in our Second and 
Third Lectures would be zero. 

The differences of the specific heats of the appearing and 
disappearing gases are here the same at constant volume as at 


1 In the first instance the e<iuilibriuin constant is simply the quotient of 
the velocity constants of the formation and decomposition reactions ; in the 
second, it is the square root of this quotient. The pedagogic advantage secured 
in the first instance for the comparative treatment of velocity and equilibriuni 
constants does not seem to me very important. As far as the camputahon is 
concerned, the roots can he very conveniently handled by means of the tables 
given in the five-place logarithm tables of F. Gauss (Halle, 1905). 

2 In this connection see the statements in Lunge, Sodaindustrie,” 3rd edit., 
vol. i. p. 950, where the equilihriiun constants for the sulphur trioxide process 
at 515° and 465° are given in numbers which lie between 10 and 100 niillions. 
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Classifi- 
cation of 
the cases 
concerned. 


Case I 
Formation 
of NO. 


constant pressure. The q^uantitioH <Tp and <r » are fcliarnfhro 
identical, and the indices may ho omitted. 

We will consider three cases under this hc^ud 

(1) The formation of nitric oxide from the (dements. 

(2) The formation of hydrochloric, hydnd.romic, and 

hydriodic acid gas from the (domnnts. 

(3) The water-gas reaction. 

The first and especially the third cahoh an* of marked 
technical interest. We must, however, ]»ostiHHui any considera- 
tion of them from this point of view until the final lecture. 

As far as specific heats are concerned, wo may divide the 
gases taking part in these reactions into two (dasstw. Oxygon, 
nitrogen, and nitric oxide have nearly identical ${M!cifie heats at 
ordinary temperatures, and they all incrca.se hut .slowly with 
rising temperature. The triatoniic gases, carlsojj dioxide, and 
water-vapour, on the other hand, have siwcific heats differing 
considerably from each other, and even more from that of tho 
diatomic gases. ISfot only is this true at onlinaiy tomiiemturos, 
but their specific heats increase much more rapidly with the 
temperature than do the specific heats of the above diatomic 
gases. The hydrogen halides are very like tho other diatomic 
gases in this respect, though the halogens thomsolvoa hedong 
rather to the class of carbon dioxide and steam. 

Nemst^ has determined accurately for two tomporuf art's, 
and approximately for two others, tho etinilibrium (xmdittons 
governing the combustion of air to nitric oxide. Ho gives the 
following composition of tho gaseous mixtures at tho four 
temperatures ; — 


T 

%N. 

j 

%o, 

i 

O 

jz; 

Pm 


78*92 

20*72 

0*371 

0-0091 

2033 

78*78 

20*58 

i 0*04 

0-0169 

2195 

78*61 

20*42 

: 0-97 

(H)242 

[3200 

76*6 

18*4 

i 

: 6-03 

0-1.%! 


lo«l' 


, Pun 


Wn. 


Pntp 




-1-799 

-0-87fi 


- fi-glKJ 
-7-» 


The ratio. 


P m 


representing tho equilibrium constant 


* “GBtanger Nachrichten ” (1904), p. 261. 
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K, the Briggsian logarithm of this quantity, and finally the 
product which recurs so often in these com- 

Pk X Pk ■ 

putations, are added to the above table. The more approximate 
values are bracketed.^ 

We may make the assumption that the specific heats of 
^ 2 , O 2 , and NO are the same, for it is a general rule that the 
specific heats of the permanent diatomic gases are nearly 
identical. The heat of reaction at all temperatures would then 
be the same as Berthelot found at ordinary temperatures, viz. — 

N + 0 = NO - 21,600 cal. 


Thomsen’s value for this is 21,500 cal. Our next assumption, 
then, is that our equation (Second Lecture, p. 46) takes the 
simplest form — 


A = Q — BjTln 


Pm 


pIi, X Pk 


■ ( 3 ) 


where A becomes equal to zero at equilibrium. To test this, 

we will place the value of ^ beside those of Efa- r- . 

T 1^2 ^ -^02 


1. 

T 

2 

Q 

T 

3 

I!7»_£S<L_ 

His XJi, 

4 

Difference between 

3 and 2. 

[1811 

-11*877 

i -9*296 

-+-2*581] 

2033 

-10*625 

-8*203 

+ 2*422 

2195 

- 9*841 

-7*369 

+ 2*472 

[3200 

- 6*760 

-3*995 

+ 2*755] 


^ Eecently this table has been completed by Nemst and his co-workers 
Jellinek and Finckh (Zeitschr. f. anorg, Ohem., 45 (1905), 116; 49 (1906), 
212 ; 49 (1906), 229). The additional values are — 


T 



%NO 

1877 

78*89 

20*69 

0*42 

2023 

— 

— 

0*52 to 0*80 

2580 

78*08 

19*88 

2*05 

2675 

77*98 

19*78 * 

2*23 


Compare also Hausser’s experiments on the same subject, Verhandl. d. 
Vereins zur Befdrd. des Gewerbefleisses in Preussen ” (1906), 37. 
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We see that there is no agreement. Wo mn.st add a 
number +2-45T to equation (3) to satisfy Nemst’s measure- 
ments. 

To see whether, after all, w'e must not assumo a difference nf 
specific heats, let us calculate by means of formula (25) (p. 64) 
the heat of reaction between 2033 and 2195'’ (absolute), from 
the observed values of the equilibrium constant. Wo get — 

Q( 2 ii 40 ) = - 23,000 cal 

This differs but slightly from tlie value of the heat of reaetioii 
observed at ordinary temperatures.^ Still, it indicates that the 
heat of reaction tends toward a greater negative value witli 
rising temperature. In accordance with Kirchhoff^s law, siicli 
an increase must take place if the specific heat of N 0 is graatef 
than that of a mixture of its components. If we assimae tbit 
this difference is independent of the temperature and approxi-* 
mately e(iual to -0*31, then the thermodynamically indetar- 
minate constant, which we have just estimated as equal to 
— 2*45, becomes zero. We then find for the heat of reaction at 
absolute zero — 

Qo = - 21,500 cal. 


From this we compute the following table 


1 

T 

2 

Qo 

T 

3 

RM , ^"0 ^ 

4 

InT 

5 

a 

Sums of S 
and 5. 

1 

1 ofiaiiift 

1811 

-11*828 

-9*296 

7-493 

-2-323 


mm 

2033 

-10*581 

-8*203 

7-609 

-2-859 

^10*502 

1 mm 

2195 

- 9*800 

-7*369 

7-863 

-2-434 

{©soil 

iKm'i 

3200 

- 6*722 

-3*995 

8-062 

-2-499 

- fh4tl4 

j mm 


1 The reliability of the value for (lepen(i% not only on tlie rn&mtmf 
of the equilibrium constant, hut also very markedly on that of tlio teiii|^wtiiw 
measurements. The temperature was determined pliotometrleally^, w will ^ 
explained in the last lecture. The assumption therein mad© that tin* tot#! 
brightness increases as the 13th or 14th power of the ii of nmh 

an approximate nature that our temperature metturemente cati easily li# 
wrong by several degrees. An error of a degree at this high leiri|ieriiltiri# 
changes by more than a hundred calories. 
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From this table we hco tliafe the assumption of a difference 

in specific lieatB of— 

+ |%j + ^b31 s= eJNO' or or' = —0*31 
brings the exprcissioii— 

A = (,)o--r'mT-RT/u , , 

H, X Pk 

into agreement with Nnrnsfc’H observations. 

This siinnise that </ is riogativo, to which the values of the 
heat reaction give rise, i.s farther confirmed by the observations 
of hognaiilt, who detennined the si)ecific heat of all three gases 
at room tomperatun^. Ifo found a difference of the same sign 
and of corresponding magnitude. We take the data in regard 
to this from Berthelot’s compilation.^ 

•/‘pLSu) — ^3<mo) = 6'96 

6-90 

The difference amounts to -0‘06 cal., instead of the — 0'31 
cals, assumed. The present state of our experimental know- 
ledge of the specific heats of gases does not permit us to say 
more. Wo are especially in ignomnoe ajs to how the difference 
changes with the temperature. It therefore seems best to 
retain few practical use later the expression ® — 


A X pt 


+ 2-45T 


Proceeding now to the second case, let us first consider the o«so iia. 


reaction 


Ola + Ha = 2HC1 


Hydro- 

chloric 
acid for- 


* rfertliclot, Thermoelumio, Loin et Doniie 6 s,’’ 2 vols. (Paris, 1897). This 
work, togotiicir with Oswakrn Thermochemio ” (“ Ijehrbuch der Allg. Chom,,’* 
vol IL part i,, 1893) contains the chief compilation of tlicrmocliemical data, 
A table of tli© specific heats of gases m given in Berthelot, Lc., vol. i. p. 57, In 
the Siith Lecture, tlia specific heat measurements of Eegnault are given in 
tabular form. The comparison, which is given above in the text, has already 
been made by Ikgnaiilt himself (Mem. Inst, de France, 26 (1862), S08, 311, 


B22}, 

^ Heriiit ako (l.c.) takes Q as independent of the temperature. In liis 
|iaper, liowevor, on cialculiition of chemical equilibria from thermochemical 
incasurornento (we p* 100), he aiiumes a small difference while d is taken 


ai f.#ro. 
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Dolezalek^ lias determined the definitive data of this re- 
action at 30^ by measuring the electromotive force of a chlorine 
electrode in hydrochloric acid solution of known partial pressure, 
against a hydrogen electrode in the same solution. The action 
of the cell involves the disappearance of hydrogen and chlorine, 
and the formation of hydrochloric acid. It makes no difference 
whether we consider the hydrochloric acid formed to be a gas 
or to be in solution, so long as gas and solution are assumed 
to be in equilibrium. The gas pressures of the chlorine and 
hydrogen were not accurately determined in Dolazalek's experi- 
ments. Still we shall not be far wrong if we assume that they 
were both equal to atmospheric pressure minus the partial 
pressures of the water and of the hydrochloric acid, for both 
gases were passed in at atmospheric pressure. Now, the vapour 
pressure of pure water at 30® is equal to 31*5 mm. Hg, or 
0*0414 atmosphere. It is, of course, less over the hydrochloric 
acid solutions ; but since a small deviation of 0*01 atmosphere 
is of no numerical importance in the following calculation, we 
shall call it 0 02 atmosphere over all the solutions. We obtain 
the partial pressure of the chlorine and the equal partial pressure 
of the hydrogen by subtracting Dolezalek’s observed partial 
pressures of hydrochloric acid from 0*98 atmosphere. This 
gives us all the necessary data for evaluating the expression — 

j^H CI 

We combine in the following table the normality of the 
hydrochloric acid, its partial pressure, the value of the ex- 
pression — 

jPHCl 

Pk ^ Pk 

just discussed, and finally the value of — 




_£hci 


pL X jpk 


expressed in calories for T = 303® absolute, based on the results 
of Dolezalek. We also add the electromotive force of the cell 
as found by Dolezalek, and the reaction energies (free energies) 
computed from it by multiplication with 23,110 (the number 
^ Z.f. Fhys, Ghem,, 26 (1898), p. 334. 
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23,110 is the product of the number of coulombs, 96,540, which, 
according to Faraday’s law, must pass through the cell in the 
formation of a mol of hydrochloric acid, into the factor which 
converts the product of volts and coulombs, that is joules, into 
gram calories. This factor is 0*2394).^ 


1 

Normality 
of the 
HCl, 

2 

Paci 
atm os. 

3 

Phci 

Ik'pk 

4 

5 

E 

in 

volts. 

6 

A=E* 23,110 
cal. 

7 

- 

^ Cl2 H2 



4*98 

0-316.10-3 

0-31 .10-3 

-4849 

1-190 

27,501 

22,652 

6-43 

0-908 . 10-3 

0-89 . 10-3 

-4215 

1-147 

26,507 

22,292 

11-20 i 

0-175 

0-217 

- 912 

1-005 

23,226 

22,314 

11-62 

0-249 

0-341 

- 647 

0-999 1 

23,087 

22,440 

12-14 

0-412 

0-725 

- 192 

0-981 ! 

22,671 

22,479 

12-25 

0-443 

0-825 

- 116 

0-974 

22,509 

22,393 


Because of an incompleteness in the electrical measurements 
of Dolezalek, the values given in the sixth column, separately 
considered, appear uncertain by some 118 cals. As a first trial 
let us form the expression — 


A = Q - 

^’cl, X Pk 


and so compare the calorimetrically determined values with the 
sums of — 


A + KSIti. 


Pkci 

phiz X Pk 


The sums are given in the last column of the above table. 
Their mean is 22,428 cals, while Berthelot and Thomsen both 
found 22,000 cals. There is thus a slight discrepancy between 
the two. Whether we should attach any importance to it is 
very questionable. It would require, at the low temperature of 
303® abs., that we assume a constant of 1*34 if we would express 
the observations by the formula — 

A = 22,000 - Em 4. 1.34T . . (4) 

X Pk 

without reference to the specific heats. The obs^vations of 
Dolezalek would be satisfied by this formula. 

1 The last decimal place is uneertain. The physikaifech-leciiLmsehe Beichs- 
anstalt recently puts it at 0*239. 
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Dissocia- 
tion of 
hydro- 
chloric 
acid at 
higher 
tempera- 
tures. 


Measuremeiits of the equilibrium at higher temperatures 
which we could use are wanting. Mallard^ and Le Chatelier, 
to be sure, exploded numerous mixtures of hydrogen and chlorine 
in closed vessels, and based certain conclusions on the pressures 
there developed. These observations, however, afford us no 
certain knowledge of the dissociation. Henry St. Claire-Deville 
was able, by means of a most ingenious experimental contrivance, 
the so-called cold-hot ” tube, to show qualitatively a trace of 
dissociation at 1300^. This apparatus^ consisted of a heated 
porcelain tube with a brass tube passing through its centre. 
Water flows through the brass tube. The gases are sent through 
the annular space between the two tubes. Deville, by this simple 
arrangement, could prove qualitatively the dissociation, not only 
of carbonic acid and ammonia, but also of hydrochloric acid, 
carbon monoxide,^ and sulphurous acid, the temperatures being 
hardly above 1300° C. Victor Meyer and Langer^ showed the 
same thing qualitatively at 1700° by measuring the density of 
HOI in a platinum vessel. Platinum is very porous to hydrogen 
at these high temperatures, and consequently the gas leaked 
through the walls of the vessel, leaving chlorine behind, partly 
as such, and partly as chloride. How far the dissociation went 
cannot be determined from these experiments. Our formula 
gives a very slight dissociation at 2000° abs. or 1727° 0., that is, 
at very nearly the same temperature as used by Victor Meyer 
and Langer. If we put A = zero for the condition of equilibrium, 
and T = 2000, we get — 


'Rln 


i^Hci __ 22,000 

X rL ” 2000 


+ 1*34 = 12-34 


Hence for every 100 volumes of unchanged hydrochloric acid 
there is 0*2 volume of chlorine and an equal amount of hydrogen. 
(This equilibrium, like all gas reactions in which the number of 
appearing and disappearing molecules is the same, is independent 
of the pressure, since the volume factors cancel from numerator 
and denominator.) Victor Meyer and Langer estimated the 


1 Anncdes des Mines (1883), sect. iv. part D. 

^ Ann. (Jhim. Fharm., 135 (1866), 94. 

3 Ihid., 134 (1865), 124. 

^ Victor Meyer and Langer, “ Pyrochem. Untersuchnngen ” (Braunschweig, 
1885), p. 67. 
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dissociation at 1700’’ as imich greater than this. Yet their 
()l)B(}rvation cam he oxplaiiieil equally well without this assunip- 
tion, provided the velocity with which the dissociation equilibrium 
adjusts itself he great, aa is indeed very probably the case. 
.•\ more rigorous treatment of the question is impossible with 
our present inHufficient knowledge of the specific heats of these 
gases. If we use Strecker’s and Itegnault’s values as given in 
Wtlllner’s compilation^ for room temperatures, we find — 

iciij = 3'41 

i^cij 4‘OH CjjQi = 7'08 

4- =i 7'41)) 

All the values refer to constant pressure. According to these 
measurements, the true Ri»ecific heats of the disappearing sub- 
stances exceeds that of the suVistauce formed by 0‘4:1 at room 
teinjHjrature. Yet Kegnault’s direct determinations of the specific 
heat of chlorine differ considerably from the indirect determi- 
nations of Strockor. Still, ifc seems unquestionable that the 
difference is {xiaitive at ordinary temperatures, and assumes a 
still larger jaisitive value with rising temperatures, for Berthelot, 
Mallard, and I^e Chafcolier agree that the specific heat of 
chlorine at liigh temiieratures greatly exceeds that of hydro- 
chloric acid, which always remains similar to that of hydrogen. 
In order to at least approximately inform ourselves as to 
what significance this difference of specific heats has, aud to 
see how well Dolezalek’s measurements harmonize with the 
assumpbiott that the thermodynamically indeterminate constant 
becomes zero when we take account of a difference of specific 
heats, let us recur to the expressions developed in the Second 
and Kiini IjOCtures (p. 51, equation (28a), and p. 60, equation (9). 
For such a compariBon it is often convenient to substitute 
Qt — <r'»T — «r"T“ for Qo in the formula — 

A = Qo - «r',mT - cr"T^ - RTSv'W + const. T 

<r'»T and can then be collected in one term, and we 

obtain in this case, for example— 

A +ff;T(l + InT) + 2<t"T® -I- = Qt -f- const. T. (6) 

-Pcia 

1 Wttllrier, ** Exptrimentolphjaik,” 5th edit, val, iii. p. 554 (1896). 
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Case Ilh. 
The for- 
mation of 
hydro- 
bromio 
acid. 


If we give a small negative value, say —0*25, to the difference 
a'v at absolute zero, and a moderate positive value, say +0*001, 
to the difference a” of its increment with the temperature, we 
obtain, in the first place, a difference between the true specific 
heats at ordinary temperatures agreeing both in sign and in 
magnitude with the experimental results. In the second place, 
we find, with the help of the calorimetrically measured heat of 
reaction and the values calculated above from Dolezalek’s experi- 
ments, that the thermodynamically indeterminate constant (in 
5) becomes very nearly equal to zero. Finally, the dissociation 
in the case of equilibrium at 2000° abs., calculated on these 
assumptions, is found slightly greater than we deduce from 
formula (4). Against these assumptions regarding a and (t" 
may be urged the fact that Strecker, measuring the velocity of 
sound in chlorine, which is dependent on the ratio of the true 

specific heats could find no certain change in this ratio 

between 17° and 343°. Yet Strecker’s values are of varying 
accuracy, and his conclusion that the specific heat of chlorine 
is the same between 17° and 343° is too incompatible with the 
large temperature coefficient of the specific heat at high tem- 
peratures found by Mallard and Le Chatelier, to allow us to 
attach any importance to an objection based upon it. We can 
here, as in the former case, merely say that the facts are by no 
means opposed to the assumption of a zero value for the thermo- 
dynamically indeterminate constant. Such an assumption is not, 
however, proved by the observations, as we have already men- 
tioned (Second Lecture, p. 46). For further use in the next 
lecture we shall retain, for simplicity’s sake, equation (4), 
especially since only temperatures of a few hundred degrees are 
there involved. 

Measurements bearing on the energy of formation of hydro- 
bromic acid have been made by Bodenstein and Geiger.^ The 
relationships here are identical with those in the case of hydro- 
chloric acid, and their discussion may consequently be somewhat 
abbreviated. Bodenstein and Geiger have measured the electro- 
motive force of the cell Bra — BrH — H 2 at 30°, using solutions 
of hydrobromic acid containing respectively 0*9291, 0*9250, and 
0*7849 g. HBr in one c.c.,and to which small quantities of bromine 
1 pht/8. Ghemie, 49, p. 70 (1904). 
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had been added (on one side). The vapour pressure of the 
bromine and the hydrobromic acid were determined in the same 
solutions and at the same temperature. It was also ascertained 
that the vapour pressure of the pure hydrobromic acid over its 
pure aqueous solution was not materially different from that over 
the solution containing bromine. Further^ the pressure of 
the hydrogen gas passed in was measured. The value of this 
pressure in mm. Hg, the observed values of the e.m.f. of the cell 
in volts, and the energy of the reaction computed therefrom, for 
the formation of one mol of HBr gas (e.m.f. x 23,110) expressed 
in gram-calories, are given together in the table below. According 
to our theoretical considerations, the energy of the reaction — 

^Br2 “f* ^Il2 ~ HBr 

taking account of the difference of specific heats, would be — 


A = Qo - a'.TlnT - cr"T^ - ETln 


Peril 


X Pk 


const. T (6) 


If we substitute bere as before (see p. Ill) — 


Qt = Qo *t" O' + ir"T^ 


for the sake of convenience, ■we get — 

A = Qt - <t;T(1 + InT) - 2a"T^ - + const. T 

If we insert for T in this equation the absolute temperature 303°, 
used by Bodenstein and Geiger, and 12,200 cal. for the heat of 
reaction, this number lying midway between the value found 
by Berthelot (12,300) and that which Ostwald calculated from 
the measurements of Thomsen (12,100), it follows that — 

A = 12,200 - 6*714 x 303 x - 2 x (303)^ x a' 

- 1382 logxo 303 X const. 

The value of the logarithmic member of this equation is given in 
the next ro the last column of the following table ; that of the 
expression — 
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We neg- 
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in the last column. The mean of these values is very nearly 
12,800 cal. 



PaBr 

mm.Hg. 

PBr2 

mm.Hg. 

PB2 

mm.Hg. 

EMK 

Volt. 

A. 

cal. 

* i^BrH 


(1) 

12-0 

0-682 

742*5 

0-573 

13,242 

- 373 

12,869 

(2) 

2*25 

1*509 

753-6 

0-625 

14,444 

-1625 

12,819 

(3) 

1-19 

1-448 

760*6 

0*636 

14,698 

-1997 

12,701 


If we arrange the equation as follows : — 


A - Qx + = - <T\Tl{lnT + 1) - 2a"T^ 4- const. T 

i^Bra ^ Ph2 

and take 12,200 cal. for Qt, we can see from the table that 
the value of the left-hand member amounts to some 600 cal. If 
we insert this value, dividing through by 303 (calling = 2) 
and transposing, we get — 

const. - 2 = 6‘714or V + 606 x a" 

If, first, we put (t'v and a' equal to zero, the const, becomes 2, and 
we get, as in the case of hydrochloric acid, the approximation — 

A = 12,200 - ETfa- , + 2T . . (7) ‘ 

The assumption that the heat of reaction is the same at all 
temperatures finds expression in this equation. 

If, on the other hand, we examine the available data con- 
cerning the specific heats, we find that at ordinary temperatures 
the true specific heat of 

|^Br2 -f JH 2 

exceeds that of IHBr by nearly a unit. The specific heats of 
hydrogen and hydrobromic acid are per mol approximately 
equal. We may assume without hesitation that their increase 
with the temperature would also be equal. On the other hand, 
the specific heat of bromine is much greater, and undoubtedly 
its increase with the temperatures is also more rapid. We may 
assume here, as in the case of HCl, a negative value (—0*5) for 
or't, and a positive value (-fO 0027) for a', and thereby cause the 
thermodynamically indeterminate constant to disappear, and 
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at the same time make the difference between the true specific 
heats at ordinary temperatures correspond to that experimentally 
determined. Yet by thus fixing the value of cr' and o-" we are 
forced to assume a more rapid change of the specific heats of 
bromine with the temperature than is at all compatible with 
the acoustic measurements which Strecker has made upon this 
gas. Since we possess no other evidence regarding the change of 
specific heats with the temperature, we must reserve judgment. 

The dissociation of hydrobromic acid vapour can be easily Dissocia- 
calculated from equation (7) if, for instance, we put T = 1000 abs. 

(727® C.) ; it then follows for the equilibrium, where A = 0, bromio 

higher 

10g,„- = 3.114 


and 


i^BrH 

Ar, X 


= 1300 


Now, at equilibrium, for every one part of pure hydrobromic 
acid supposed to have been originally present, there is 1 — ^ 

part still unchanged, while part is present as bromine, and 

z 

the same amount as hydrogen. We find then that — 


i^BrH _ (1 — x) _ 2(1 X) _ J 3 QQ 

Ar., X Ar, gy ® 

or - = 651, ora: =-0‘15 X 10~^ 

X 


Expressed in per cents., the degree of dissociation x = 0'15 per 
cent, at 727°. 

Bodenstein^ states that Eeichenbach found the degree of 
dissociation at 650°“750° to lie between OB per cent, and 0*9 per 
cent. He calls attention to the fact that the measurements 
probably gave too high results. The assumption of a negative 
value for or' and a positive value for a", leads to a somewhat 
higher value for the degree of dissociation. 

We will complete this discussion by considering the equQi- 
brium conditions of hydriodic acid. Here we have equilibrium mation^of 
measurements made by Bodenstein, who subjected this matter 

^ Z. /. ]phys. Ohemiej 49 (1904), §1. 
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to a thorough and searching study.^ We will now show iu 
the usual way the bearing of the values obtained, upon the 
formation of hydriodic acid, according to the equation — 

4I2 + iH2 = HI 

The '' degree of dissociation ’’ of the hydriodic acid was 
the quantity directly determined. From 1 mol hydriodic acid, 

1 — mol remains undecomposed at equilibrium, and-^ each, 

of hydrogen and iodine are formed. The equilibrium constant 
can therefore be written ^ — 

II = KLzJi} . ( 2 ) 

X 

Eodenstein’s decomposition values were — 

... 508 487-2 443 427 410 393 374 35(3 

... 0-2408 0-2340 0-2198 0*2157 0*2100 0*2058 0*2010 O-104G 

°C. ... 328 302 283 

a; ... 0-1885 0-1815 0*1787 

From these values Bodenstein computed a table of equilibrium 
constants which we will alter only by substituting values re- 
computed according to our definition of the equililjrium constant. 
The equilibrium constants labelled '' found are derived from 
the adjoining decomposition values, which in turn are computed 
by interpolation from the observed values of x given above. 
The interpolation formula deduced and used by Bodenstein is— ■ 

ir = 013762 + 0*00007221^ + 0*00000025764^2 

The values of the heat of reaction also labelled found ” are 

^ Zeitsch\ f. 2}hysi7c, 29 (1899), 295, where earlier papers are also 
given. 

- Bodenstein takes as the equilibrium constant — 

We therefore get our constant from his hy making — 



Bodenstein gives the values as ZtjKb. Our constant, in the terms of this, 
therefore is — 

Z9/K = — 
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calculated, interval by interval, from the equation of Van’t 
Hoff— 



d rom these values of Q,^, the heat of reaction at any temperature 
may be computed by means of the interpolation formula — 

Q-,, = 89-575 1-575T + 0-00549T2 

This formula corresponds to our expression — 

Q,. = Qo + erVT (t'T 2 

Finally, with its help, we get the equation for the energy of 
the reaction — 

A = 89-575 + l-575mT- 0-00549T2-ET7/iT^^r- + const. T 

I>1. X p\i, 

Bodenstein determined the constant by calculating the value 
hiK for the condition of equilibrium (A = 0) and comparing 
it with the value of the hiK “found.” This gave —2*67 as 
the thermodynamically indeterminate constant.^ 


l 

T 

X 

K 

InK 

found. 

calculated. 

Qt 

found. 

Qt 

calculated. 

520 

500 

480 

4G0 

440 

420 

400 

380 

360 

340 

320 

300 

280 

793 

773 

753 

733 

713 

G93 

G73 

653 

633 

613 

593 

573 

553 

0*24483 

0*23813 

0*23164 

0*22535 

0*21927 

0*21339 

0*20772 

0*2022G 

0*19700 

0*19195 

0*18711 

0*18247 

0*17803 

0*2 

{)*4 

G*6 

6*9 

7*1 

74 

7*6 

7-9 

8*2 

8*4 

8*7 

8*9 

9*2 

1*8195 
1*8562 
1-8922 
1*9279 
1*9631 
1*9978 
i 2-0319 
2*0654 
2*0983 
2*1306 
2*1621 
2*1929 
2*2229 

1*8197 

1*8562 

1*8924 

1*9280 

1*9631 

1*9979 

1 2*0319 
2*0657 
2*0982 
2*1306 
2*1622 
2*1929 
2*2231 

2222 
2084 
1951 
1821 
1G9G 
i 1575 
' 1459 
1343 
1237 
1135 
1038 
942 

2222 

2084 

1950 

1821 

1G96 

1575 

14G1 

1347 

1 1239 

1136 
1038 
943 


The equations of Bodenstein can be used to calculate the Heat of 

reaction. 

1 Bodenstein’s equation for the equilibrium runs — 

- l-5959ZttT 4- 0-0055454T + 2-6981 

If we replace (see above note) InKj^ by — 2 ?nK, and multiply through by ET 
we obtain the above equation. 


Beactioii 
energy at 
higher 
tempera- 
ture. 
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heat and the energy of the reaction at ordinary temperature. 
The value of Qt, according to Bodenstein’s equation given above, 
amounts for ordinary temperature to only 4-96 cal. This 
value is appreciably smaller than we should expect from the 
thermochemical data. Berthelot gives —6400 cal. for the 
formation of gaseous hydriodic acid from solid iodine and 
gaseous hydrogen, while from Thomsen’s data we get —6100 
cal. for the same quantity. The heat of sublimation of solid 
iodine can be calculated from measurements of its vapour 
pressure at different temperatures. Such measurements have 
recently been made by Baxter, Hickey, and Holmes,^ and they 
show that 15,100 cal. are used up in converting one mol of solid 
iodine into vapour at ordinary temperature. Therefore the heat 
of formation of one mol HI from the gaseous elements is equal 
to 7400 — 6400, i,e. 1000 cal. at ordinary temiierature. Using 
Thomsen’s data, we get 7400 — 6100, i,e. 1300 cal. 

The equation of the reaction energy can l)e tested by deter- 
mining the e.m.f. of a galvanic cell, which consists of an 
iodine and a hydrogen electrode in a solution of hydriodic 
acid. The partial pressures of iodine vapour and of hy- 
driodic acid gas, which are in equilibrium with the solutions at 
the electrodes, and the pressure of the hydrogen gas must be 
known. Eecently the author, in collaboration with Gottlob, has 
carried out preliminary measurements on such cells at 43*7°. 
According to Bodenstein’s equation of the reaction energy, the 
e.m.f. at this temperature should be — 

E = 0-06757 - 0-0625 log = volts) 

Five cells were tested, the concentration of the hydriodic 
acid varying between 3‘5 normal and 6*44 normal, the concen- 
tration of iodine at the positive electrode being from 0'55 
normal to 1‘076 normal. Hydrogen was passed in at the negative 
electrode under atmospheric pressure. The vapour pressures 
of hydriodic acids with and without addition of iodine were 
determined by the so-called dynamic method. All values 
of the e.m.f. were found to be larger than calculated from the 

^ Journ, Am, Qliem. JSoc., Jan. 1906. Former determinations have been 
made by Eamsay and Young (Jour. London Chem. Soc.j 49, p. 453 (1886), 
and by V. Ricliter {Berl. Ber,^ 19 (1886), p. 1060). 
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above equation. The mean dilference amounted to 0*052 volt, 
corresponding to a difference of 1200 cal. in the reaction energy. 

These differences between calculated and experimental values 
for the reaction energy as well as the reaction heat suggest 
the question whether the iodine in Bodenstein’s experiments 
behaved as an ideal gas. It may be remembered that, accord- 
ing to Guye and Eadice/ the critical temperature of iodine is 
some degrees above 500^ Now the specific heats of gases at 
temperatures appreciably below their critical temperature 
show that the pressures arc not as independent as is pre- 
supposed in the deduction of our formuhe. It seems possil)lc 
that Bodenstein’s experiments, esjoecially in the neighbourhood 
of 300°, were influenced by this factor. 

It is of interest to compare the various determinations ofThn 
the specific heats of the gases concerned. According to Boden- 
stein — 

d', + d"T = - 1*575 -f 0*00549T 
This value represents the difference between the mean specific 
heats (from 0^ abs. to T°) of P 2 + i-H 2 and HI. Strecker has 
C 

tested the ratio of the specific heats of hydriodic acid by 

measuring the velocity of sound in it. The true specific heat 
at constant pressure, calculated from his measurements, is 7*04, 
without any perceptible change with the temperature between 
21° and 100°. We may certainly take the Eegnault value of 
6*82 per mol as the true specific heat of hydrogen at constant 
pressure at ordinary temperatures. Both values can, indeed, be 
employed up to 300° without any perceptible error. Testing 
the iodine, Strecker found a ratio of specific heats in the neigh- 
bourhood of 300° (220° — 375°) which gave a specific heat at 
constant pressure of 8*53, again quite independent of the tem- 
perature. According to these measurements, the difference of 
the specific heats of JI 2 + ^H 2 and HI at 300° (573° abs.) is 
+ 0*62. Bodenstein's formula, on the other hand, would lead 
us to expect the much higher value of +4*73 for this difference. 

The discrepancy is remarkable, though we have to consider 

1 See Landolt-Bornstein, Physikaliscli-Chemische Tabellcn,” 3rd edit. 
(1905), p. 184. 

2 Wuellner, Expcrimentalphysiky 5th edit. (1895), vol. iii. [>. 554 ; 
Strecker, Wied. Ann.^ 13, p. 41 (1881), 
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tliat Strecker himself has emphasized the dinicnlty and in- 
accuracy of acoustic measurements on Ta at higli t<;mpcratur(‘s. 

Conceming Bodenstein’s values at liigh teiniieriitnrc (;,)()() ), 
there is another point to be considered. The reaelion studiod 
by Bodensteiu changes its nature with rising tenijiiiratnre. 
The iodine, as well as the hydriodie acid, begins to dissociate. 
The two reactions — 

therefore infringe one upon the other. T'iu; lieat of formation 
of molecular iodine from atomic iodine i.s certainly very largo;. 
Planck 1 has calculated from several mcasurementH by Miner 
and Crafts,^ on the assumption that tlic specilic heat of iodine at 
constant volume is not changed by dissociation into atoms, tiiat 
it amounts to 29,000 cal. (at constmit volume). Ho has liirlher 
calculated from two of Bodenstein’s number.s, that (he heat of 
formation (which heassumes as indejiendcut of the tomperatnri.') 
of a mol of hydriodie acid from molecuhir iodine and hydrogen is 
1300 cal. We may use the.se results for a rough c.stimation of 
the relative importance of the two reactions, for, aeeording to 
them, the decomposition of a mol of liydriodie acid into 1, mol 

of iodine and hydrogen uses up only (/.c. + oih(|i()) 

of the total heat of the two roactions, whihi th(‘ fnrtlier con- 
version of the ^ mol of molecular iodine into atomh*. iodine 
up the remaiaing of this total lieat of rcMction. Tlu* chi- 
composition of hydriodie acid therefoni entails a greatiT heat 
absorption the higher we raise the ternjHjraturc^, beeauscj t hereby 
more iodine atoms, together with iodine mole(ndc‘S, are pro- 
duced. The heat of reaction Qt given l>y BodensUtin’s measure- 
ments is nothing other than this heat consumption with changed 
sign. We can, therefore, no longer consider it m Biiiiply the 
heat of formation of hydriodie acid from molecular iodine and 
hydrogen, hut must rather recognize in it the sum of two healH 
of reaction, that of the leaction — 

I + 1112 = HI 

^ “ Therm odynamik,’^ 2n(I edit. (1005), p, 215. 

Berl Ber. (1880), 851, 131G ; Compt. Rend., 00, 300, 02, 30. C!ompan( 
V.Meyer, Btrl Bcr. (1880), 304, 1010, 1103 ; (1881) 1453 ; and Kiiimriuii, tie* 
same (1880), 1150. 
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and— 

»L+ iiL = in 

Doulitlnss tlin sliart* lak(*ii l)y Uin first reaction, is very small, 
hut vaiiis]iin,L,dy small it c(‘rtainly is not, a, ml at 520'' it 
s a imN-isuroalOe fJiou^di small fraution of Ch’- 
dissoc'iatiou of iodine info atoms under atim)sph(‘ric jmjssiiri; 
reaches 25 jkt (‘.cut. at lO-hl , 50-2 ])f‘r cent. a,t 1275"’, and 72‘1 
per at llfhS , ace<)rdiii^f to (h’alls and Meier. At Iowan; 
tein]»e 2 'atnr(‘s t]H‘ r(‘sult of density mea-surements a,r(‘ not V(ny 
shar]>, 3 '(d. even al OXO the d(*er(‘.ase of the (hnisily is notkand/le. 
TIk" lieat inerenuml 


1*575 4" 2 X 0*()i)5lOT‘ 


fd’ tin* r«*aetion does not, therefon; re]»res(nit nie,n‘ly llui diner- 
{‘11(50 of the, siMonfie- heats <»{* Uh‘ react in‘( suhsta,nc5es, l)ut is 
rather (let ermiimd hy tin* fact that <5V(5ry iiH5rease of the 
t <5mjK5rature inereases tin* ndative fVecpK'iiey of’ tlu5 proe(5S.s 
inv{dviri,ti; the; hc‘at ehan^i*. I + ill = III, and d(3(5r{‘as(‘s 

somewhat tin; fre{[uem‘y of ilu^ ]>ro(5es.s with th(3 small. liea,t 

ic + .uc=ill 

The third, and i«;(5]ini(5ully tin* numt im|)orta,nt of th(5 (5lass 
of reactions we an*. (‘.{Jiisitierin;,', is th(5 wat(*r-gas i’(5a,(.5tion 

CO. 4^ 1L.0 4** <!() 


('51.H(‘ MI. 

'TIh! 

fj^nH n*- 
iiotion, 


Tlui laeit of rttaedion has lu;n‘ he(5n ae.eaira.Mily deUjrinined at 
ordinary hnnpendunc It represeiit.s the. difference hetwcicm tin; 
heats of iraetion (jf flu* followin^^ ri*a.ct ions : — 


If. 4 » = II.4) 4 . 58,000 ,Lrram-(.5als. 

00 4- .y M { ’o. + i;8,ooo 

CO. 4" III - 00 4“ Ih/) - 10,000 |j:ra,m-calH. 

Tlacse values un‘ haH<*d on tint (*nii(;al discu.ssion of tlu5 th(5rnio- 
ehemieal data relating to tlu^ formati{)n of waU^r and canhonic 
acid, givcm in Osiwald's lar^j U^xt-hook. lierthelot's results 
lead to tint vahte at —10,100 cals., diffttriri^^ bat 1 [Ktr emit 
from tint ahenae 

Tint detenninatiim of the {‘.{niilihrium of thi.s reaction Ims niHi.ny 

O'tlu* 

^ Ihf! fucior ‘i is hen* pn^Hcmi hccaUH't On? h<*at iininnncTit of tlici rc.netif)!! wafcr»^a.H 
is equal to the dilTt'rinice of the tnu? Kjmcific In^ats (see p. 20). O'liis has tint reanOofi. 
fiiftOa* 2 in of thcHea^iid iniaiher. 
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a liistory,^ It began with the experiments ei Ihniscn. He 
exploded a mixture of carl 30 ri monoxide and liydrf^ge.ri with a 
quantity of oxygen insufficient lor (anuphite enmlmstiorn an«l 
studied the distribution ratio of the oxygen h(‘twe(m tie* eorlHin 
monoxide and the liydrogen. Ihui.sen thought that, under liaise 
conditions, carbonic acid <‘ind wattir \vi‘n^ {ihvays fnrined iu 
simple ratios. E. von Meyer shared, at first, the. .same, vie.w, 
influenced by experiments of a siniihir luiture. Ihen llersi- 
inann called attention to the incorreetness of their inbn'pref;!-* 
tions, and, on the basis of results of his own, {lev(d<»p«‘(i a 
correct theoretical treatment of the jti’ohhmi. 1his ailirniefl 
that the reaction proceeded at every leinpm'aiure \\ir, 
equilibrium represented by the expression 

thr20 X ( V'o _ | r 
Cco/ x (hr^ 

The Bunsen and E. von Meyer ac(Mq)ted this viuAv after remnved 

STs^of ^examination of the problem, llorstmaim could not attempt a 
the gases calculation of the change of the equilibrium ('onsiant with Urn 
th^watcr- becausc at that time tlui Bjjecitie heats td’ tin* gases 

gasequi- at high temperatures were not known. After n\seareh iu this 
hbrmm. dj^^ection had furnislied new material, Hoilstmui “ aiUuapted in 
give a numerical treatment of Ilorstmaun s uhHctrval ions. 

It will help us in understanding these culeulations and the 
developments based on tlaun, if we first nndifW whaf is known 
about the specific heats of the ga.s(‘,.s ciumau'mul. 'rhe. metliMiIs 
of their determination will bo only lightly ImudHei iiprm hero, 
because they will receive special treatment in a latm* h'riurm 
Eegnault first showed, iu his compreliemsive roHeareh on the 
specific heats of gases (I8G2), that the speedfic;. heats hydrogim 
and carbon monoxide were nearly the same both at f.>r<liiiarv 
and at slightly elevated temperatures, fh^ found leHri eals. p^w 
mol as the specific heat of carhm monuxideg and 0“H7 per nml 
as that of hydrogen.^ All later inve.stigalions of the beliaviour 

1 See Haber and Eichardt, “ Uchor dan WaHHergriiigkicthgewrht in »l»'r 
Bunsen-flamme imd die cliemische Be.slinummg der I'laiiinientcunporafiirA 
Zeitschr.f. anorg, Qhcm.j 38 ( 1004 ), 5 . 

Zeitschr.f. physik. Ohem.f 25 (I80H), d8(J. 

^ As regards the value of the Regiiault calorir*, «<'i; Wlillaer, « Kxpi-ii 
nientalphysik,” 5th edit. (Leipzig, I80(i). vol ii. p. 52.1; al.o I 
Driide's 10 (1905), 501. 
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uf iliCHo at lii.i^her U.anpiMulmv.s in (Ulinniii^L^ tliat 

ilutir .^'peciiic lieaiH in iin i<l(niti<Mtl \va,v with i‘i.sin,i» 

ti‘iu|H*rataire., so that thoir (Urrortiiico. may In* coiiHi^h^nul its 
a|)]»rox iiiniLidy /.tiro at all lt‘iiip(n’a( urt^.s. ( lonstiJiuttiil^ly, in tlui 
fiiilfulation of* tint httal of ro.aotion and of tlio, latar.iion <ini‘roy of 
lint rtxuitiuii^ tnily tin* (litioromai in spoftifit*. li<‘a(:m)C 

oarlnni diox idn ainl \va t<*r-va]K )ur {'.onuts, prov’idoti ^yv, ca.lcula.ti^ 
the <lilt ortaKiO in tln‘ sptndiic tif tin* uppiNiriiipjand disii jijuair- 

iiit( snlostanons in ( ho usual way. A II irivtastlyfa^lora ha, vat u( >1, oidy 
found rt ilittViauif •(* in lint apao.ilio, lM*at.s uf ipasus, lait lia,V(‘. 

also fou nd tliat tins tliUhvntitt varies with I liti t (tin jieraJrUie..* 
ivf‘;.^nai il t; first (leJtnnuirittti thc.S(‘ quanfitieH a..t low feiupttra Lnrtt. 

Hot tlulenuiinid the spneifie. Ito.ai uf watur-vapfun* a.( (tonal.ant Six'ioit* 
nrostuiru hr an indinatt im‘th(»(l. 'fhal. is, lat first cniHlueleil 

* »' Witter' 

Hioain at ordinary prtt.^snr^t, heated in 1,20 , into a ruilorinutiin’, vapour nt 
and inousurrd the heat tif o(«i)dtensaiion. He: intxt 
tlid idttniical operaiicrn with sioain heated to 22(f' (I d’ho 
dilferoiici* of tlui two (pianiities of luiat (nmlvud wa,s (ividtiiilly 
equal Up the Insit (df !»y tlui .sleani in e-uolifjp^ from 220'" 

to I20's It ainouM0*d in IiNyjnunirs uxpia’iincids to 7 p(‘r (ioiii. 
fin rouinl n imdas’s; t»r the total hi‘at nicasiiriMl. TliiM cliffenniee 
rr ]uv a*ii|s tin* jiiodnet of the .^q»ee it ie Insit of steam h(d.%V(*(‘n 120' 
and T2il\ niulliplicd into tin* t(*inp(*ralur(i tliiruriniec. {UMI’j. 
Ilej^^nault found tl'dK ^raia-raL an tin* ineaii spisufm Inuil, ]m‘ 1 ' 

(^rain iff walor-vapour fit fit laospherie pressure froia (Iiru<i (*x- 
pn'iirienls «»f tliis kind, This <’orrus|*(nid.s to a sjnndtii*. liistt of* 
j^rains'al pernitd. Thou^dt ilu’se iiieasunMUuiits wauxi inmh* 
willi f!ie pu'enfeHl earcs wenliuiild not hiil t(» rcuiof^ni/e, (,lia,t ( hey 
iitniiol ^.^miranlee. any preat fire tinny of rieni Its. l.et- tin of )ii:ii(ler 

^ FHr;^ue'r d^r nst,iufMi..«‘h'Ooleii (*(•:, el Isrhuf}/’ in 

■■ p, lari ndnod (•♦ii.dii nlijrrliurri (•! this eniM’loHiun whirh 

li.-i VI- f.fi trill wi»i<M'iiT'ftl,uhin in tiuf liP'raftite if da* isii^iiie’er'in/ [»ror(e.fs’'»n. 

Ill* thr* i!X|ieriaii!MtsHof Mnlhiiil anrl 'huleiier (Ann. Ors .J/oew, U 

(1 SBiy *$711) and llae'Ctef Ihnthdoi and Will*' Ann, •! (IHHui, !.'{), 

aiel iffS'kii to prove tJiaf. all fur iiiveaigitlotl toxliiliit ai'ooHfant H|i(sjii,ie 

lu'isf., if) liin vieWH, iln; foniier laffafoirenifsit of Mallni’d and 

riiati'lirr |. 5 ave faiHe niHultH heeniiia* tliu infifient'erif the ivnih ivasirininiuiufit ly 
i'iiiiei<ier«'« L Tliefiu dunhtM find llie vi<‘%v hanitd upon them lhat tliu Hp( 0 !ffh: 
lufuiiif riJiiiaiun cauifiliiriliuu diM|>r«>ve«l <iii IIm; uau band hy tlm expitri- 

iiiejil «,f 'laiMfUi, atnl mi th«‘ fdlier hytln^ rrMnlt.^ of Ilolhurii, Auoltfi, and 
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tiie last series of Eeguault's experiments, for instance, wliicligavc 
an evolution of heat of 690’18 cal., when the steam was heated 
to ,216*03°, and 645*44 cal. when heated to 122*75°, or a 
difference of 44*74 cal. (the liquid water formed is assumed 
to be cooled to 0°). This corresponds to a temperature dif- 
ference of the vapour of 93*28°. From this we get 0*47963 
cals, as the specific heat of the vapour per gram. Now, the 
temperature change of the calorimeter itself in the single experi- 
ments amounts to some 20°. The 44*74 cal. corresponds to 
a temperature change of about 0*7° in the calorimeter. But the 
corrections (based on observation) which must be applied to the 
calorimeteric results because of conduction and radiation before 
and after the introduction of water-vapour, amount to from 
0*5 to 1° in single cases, or are approximately as great as 
the quantity investigated. These unfavourable conditions arc 
operative in all the series of experiments. But even if wo 
admit the accuracy of Regnault’s determinations, we cannot deny 
that the values found by him can have but slight significance. 
Water-vapour under one atmosphere pressure and between 120° 
and 229° is by no means a perfect gas. It is still far beneath 
its critical temperature of 360°. We would expect, therefore, 
that its specific heat would exhibit peculiarities. Such pecu- 
liarities did indeed come to light in an investigation carried out 
by Lorenz.^ Here superheated steam was conducted through a 
calorimeter at such a temperature that it did not cool to the point 
of saturation and condensation, but after a slight cooling made 
its exit, still in the condition of vapour. The following tables 
contain Lorenz’s values. The temperatures at which the steam 
entered the calorimeter are given under A, the temperatures at 
which it left under B. Under M are given the means of these 
two temperatures, under the vapour-pressure in Kg. per square 
centimetre, and, finally, under the true specific heats in small 
calories per mol of water-vapour under the given pressures {jj) 
and at the given mean temperatures (M) — 

1 Zeitschrijt des Vereins deuUcher Ingmimre, 1904, pp. 1189 and G98. 
Compare also the observations of Bach and of Weyrauch, which he also calls 
attention to {Zeitschr. des Vereins deutscher Ingenieure, 1876, p. 77, and 
1904, p. 24). Similar experiments carried out by A. H. Peake {Froc. Royal 
Soc., London^ 76 (1905), 185) did not give quite satisfactory results, as the 
author himself observes. 
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A 

... 224-1 . 

228-9 

243-5 

B 

... 191-0 

182-0 

161-6 

M 

... 207-G 

205-4 

207-6 

P 

6 829 

4-311 

1-932 

c, 

... 11-20 

11-49 

9-56 

A 

... 326-6 

3G7-5 

361*3 

B 

... 262-4 

260-1 

281*7 

U 

... 295*0 

313-8 

321*0 

I 

4-05 

8-985 

6*945 

Cp 

8-71 

10-26 

9-99 


240-8 

291-1 

313-8 

343-3 

204-0 

232-9 

244-8 

244-7 

222-4 

26-2-0 

279*3 

200-0 

8-97 

8-98 

6-82 

1-89 

12-56 

11-52 

10-22 

0-29 

381-5 




296-3 




338-9 





a*93G 

8-GO 


Lorenz deduced tlie formula — 


Cp = 0-43 + 3*6 X ^ Temp.) 

^ sq^. cm.' ^ ^ 


as representing Ids experimental results for the true specific 
heat per gram of water- vapour. Eegnault’s values for 453° abs. 
do not fit this formula at all well. Its applicability presumes, 
of course, that the temperature should not be far outside the 
temperature studied (205° — 339°). Over this interval it 
shows that the more the pressure sinks, and consequently the 
nearer the water- vapour behaves like an ideal gas, so much more 
does the specific heat per mol at constant pressure approach the 
value 7*74 cal. Experiments of Jones,^ to which Lorenz (Z.c.) 
refers, afford a partial confirmation of Lorenz’s results. An Thiescirs 
exhaustive discussion of the specific heats of water- vapour has 
been published by Thiesen^ in connection with the measure- 
ments of Eegnault, and his own numerous determinations of 
the velocity of sound in water-vapour. We learn from his 
discussion that the specific heat of aqueous vapour under 
small constant pressures falls off very considerably between 
0° and 80°. It reaches a minimum of 7*34 per mol at 80°, and 
then rises again, reaching the value 7*94 at 480°. 


1 Jones’ values are given the preference by Carpenter. See Lorenz’s 
paper for a comparison of the two series of results, as well as for a discussion 
of the formula and the thermodynamic relationships connected with it (see 
also Planck, ‘‘ Thermo dynamik,” 2nd edit. (1904), p. 123). 

2 Thiesen, Drude’s Ann,^ 9 (1902), 88. See also Tumlicz {Wien&r Acad. 
BcT.y 1897, Aht. lla, G54, and 1899, Ila. 1395) ; further, Macfarlane Gray 
{PhU Mag., [V.] 13, 337 (1882)). 

3 We may take into consideration Winckelmann’s (Wied. Ann., 4 (1878), 
7) determinations of the thermal conductivity of aqueous vapour, which give 
indirect evidence on the basis of the kinetic gas theory bearing on the change 
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Eecently Holbom and Henning ^ have very much extended 
our knowledge of the specific heat of water-vapour at the 
pressure of one atmosphere by calorimetric determinations 
carried out between 110° and 800°. The results of their 
experiments give the relation between the specific heats of 
water-vapour and air, so that any uncertainty regarding the 
change of the specific heat of air with rising temperature in- 
fl.uences the value for water- vapour. 

Holborn and Henning give two expressions for the mean 
specific heat- of water-vapour at the constant pressure of one 
atmosphere : 

Cxh20^ = 8*03 + 0-00078«5 

or 

^iJCHgO) ~ 7‘60 -h 0*00078. r 
and 

W ^kh 20) = 7*94 -P 0*00115^ 
or 

^p(H 20) 7*31 -f- 0*001151 

In the first case the increase of the mean specific heat of air at 
the constant pressure of one atmosphere is taken as 3*0 x 10’“!/, 
in the second case twice this amount. 

The specific heat of carbon dioxide at low temperature has been 
investigated by Eegnault between —30° and 10°, 4- 10° and 100° 
and between 10° and 210°. Eegnault found 0*18427, 0*20240, and 
0*21692 gram-cal. per gram. Later experiments, in which lie 
varied the pressure of the gas between 1 and 10 atmospheres, 
indicated that the mean specific heat between 185° and ordinary 
temperature is quite independent of the pressure. The Eegnault 
experiments at ordinary pressures have been repeated by 

of the specific heat with the temperature. According to these determinationg, 
which Mallard and Le Chatelier have availed themselves of, the true Hpecific 
heat of water-vapour should be some 12*7 per cent, greater at 100^ than at 
0°, when the pressure of the water-vapour amounts to but a few inillimetreH. 
Other indirect determinations have been carried out by A. IL Peake Q.e.) 
and by A. Griessmann (Forschungsarbeiten auf dem Qehiet des Ingenkur- 
wesens, Heft 13 (1904)). They throttled superheated steam. This method 
is analogous to the procedure of Joule and Thomson (see p. 18). In the 
case of a non-ideal gas a fall of temperature takes place, whicli has a thermo- 
dynamic relation to the specific heat. 

1 Drude’s Ann. d. Flysik (IV.), 18 (1905), 730. 
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Wiedemann^ with somewhat different experimental arrangements. 
According to Wiillner (Z.c.), Regnault’s and Wiedemann’s 
results may be expressed as follows : — 

Regnault. Wiedemann. 

c^(co.,)j specific heat, 0 — 0., 8*28 + 0*0059 Gj5 ... 8*56 + 0*005038^ 

Cj,(co 2 )j true „ „ at C" C., 8*28 + 0*01 192^ ... 8*57 4 - 0*010076^ 

These numbers have been well checked by determinations of 
the ratio of the specific heats made by Eontgen,^ Muller;"^ 
and Wiillner,^ according to various methods. It seems, con- 
sequently, beyond question that the specific heat of carbon 
dioxide rises rapidly with the temperature under atmospheric 
pressure in the interval of temperature studied. On the other 
hand, the results of Eegnault are somewhat inaccurate, since 
Lussana^ has shown with certainty that under heavy pressures 
the specific heat is a function of the pressure between the tem- 
peratures of 13'2° and 114*9^ At first sight there is something 
surprising in the fact that this specific heat should increase with 
rising temperature under constant atmospheric pressure, while 
that of water-vapour, according to Lorenz’s ol)servation, de- 
creases under somewhat higher pressures. The phenomenon 
becomes more compreliensiblc when we notice that the same fall 
in the specific heat has also been observed by Lussana in carbon 
dioxide itself, when the pressure is greater than 54 atmo- 
sx)heres. Under lower pressure there is, according to Iiim, first 
a decrease, and then later an increase in its specific heat. 

The specific heat of carbon dioxide under the constant 
pressure of one atmosphere has been determined calorimetrically 
by Holborn and Austin.^^* They carried out their investigations 
between 20'^ and SOO'^, and derived the expression — 

%>Cco.) = 8-923 + 0*003045^ - 0*000000735^*^ 
or 

c^co.) = 7*097 -f 0-003045T - 0*000000735T" 

A linear expression which can he deduced from Lan gen’s 

^ Wiedemann, Fogg. Ann., 157 (187C), 1. 

^ Fogg. Ann., 148 (1873), 580. 

^ Wzed. Ann., IS, 94. 

4 med. Ann., 4 (ISrS), 321. 

® FoTtschritte der Fhysih fur 1890, p. 345, and 1897, p. 331. 

® SitzungsbiT. der Kgl. Frmm. Ahad., 1905, p. 175. 
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determinations at higher temperatures is in tairly good agree- 
ment with the results of Holborn and Austin, and will be used 
later on instead of these expressions. 

As far as relationships at high temperature are concerned, 
Mallard and Le Chatelier were the first to study the specific 
heats at constant volume. They exploded gases in closed 
spaces and observed the pressures generated.^ From these, 
assuming the gas law = F-T), the mean specific lieat 
between the ordinary and the explosion temperature could be 
calculated basing their conclusion on them. We will later 
recur to these experiments. It will here suffice to state that 
Mallard and Le Chatelier recommended the experimental 
formula — 

= 4-33(T X 10-2)«-3or 

for the specific heat of carbon dioxide at coustant volume. 
Later, they resorted to a simpler linear formula. 

For water- vapour they obtained tlie following v^dues for the 
mean specific heats between 0'^ and f : — 

33G0 3380 3a:>() 

c, lG-5 10*2 17'1 

They deduced the formula — 

^■ 0 ( 0 °, t°c.) ~ 5*61 4" 3'28 X 10 

to express these values. Only Eegnault’s value for ordinary tem- 
perature was known at that time, and could be compared with 
their observations at about 3350°, so that tliero was HU])port 
for nothing more than a linear function. Wiedemann, as above 
mentioned, made measurements of tliermal conductivity, and the 
deduction therefrom also agreed with this formula, though this, 
to be sure, was but scant proof. 

1 Berthelot and Veille {Ann. Chim. Phys., 4 (1885), 13) instituted Biinilar 
experiments, but, instead of the static pressure, measured the acceleration 
which a movable piston experienced under the influence of the explosieii. 
The procedure was original with Veille. Such Iiigh temperaturcH \v(‘re 
used throughout the measurements that dissociation set in. They therefore got 
“apparent” specific heats, that is, values which were affected by the heat of 
dissociation. The calculation of the real specific heat from these “apparent ” 
values can hardly be considered very reliable. Le Chatelier made no further 
use of these values when, a few years after their publication, he was Htndying 
the dissociation of carbon dioxide from a theoretical standpoint. 
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To test their foi'inula, Mallard and Le Chatelier made use of 
three determinations of the specific heat of mixtures of carbon 
dioxide and water-vapour. They assumed that the a]}Ove- 
mentioned formula for the specific heat of water-vapour was 
correct, and calculated with its lielj) the specific heat of carbon 
dioxide from the pressure measurements made on the mixture 
of carbon dioxide and water-vapour, and compared these with 
the values given by their exponential formula. The data are — 


t 


Cv{CO-y) 

c„(aoo) from 

((P. 

(IP, t°) 

exponential formula, 

1 

2100 ° 

12*3 

14-4 

13*8 

1540° 

10 -G 

11*0 

i2*(; 

1280° 

9-7 

11 *,3 

11-8 


The agreement is, as we see, a good one. The deviations amount 
to from 5 to 8 ])er cent. In the determinations of Mallard and 
Le Chatelier, it is aBsumed tliat at tlie moment of explosion the 
combustion is complete. If this is not the case, but instead, 
great dissociation takes place, the values ol>tained would Ije 
useless, l)ecausc tlie heats of comlmstion wouhl not bo as great 
as assumed. The specific lieat would appear too higli. Wo have 
an illustrative case in nitrogen hilroxidc at low temperatures. 
This gas (N' 204 ) dissociates, on warming, into 2 NO 2 , *^nd the 
beat-change which accompanies this gives rise to entirely 
erroneous valucH in specific heat nuiasurements.^ The iideronce 
that dissociation has taken place can, however, bo tested here 
l)y the results of tlie explosion method. The pressure change 
after the explo.sion follows a different course wdion dissociation 
occurs than when it does not. Mallard and Le (Jhatelior’s 
exi>erimentB load to the strange result that hydrogen and oxygen 
unite completely even at a ieini>crature of 3500"’. A closer 
examination shows that a complete combination at this tem- 
perature is inconceivable in the ecpiilibrinm condition, The 
eq^uilihriurn must then Imve been oversliot, or, better expressed, 
circumvented. We can imagine that the formation of water 
does not take ]daee l>y ilie path <iy in the following diagram, 
but by the path h, c, and d. 

1 Berthelot and Ogier, A nn, (Jhim, Fhyn, (5), W (1HH2), 3H2. 
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2H2 + O2 H2O2 + Ha 

2H2O ^ 2H2O 

ojHa + 2/O2 ^ 

If the process takes place exceedingly fast, it is conceivable 
that it only has time to pass through the steps h, e, but not fZ, 
so that only undissociated water is formed, while had the lieating 
lasted longer, free hydrogen and oxygen could not help being 
formed, just as though the process had taken the direct course 
CL This unusual condition of affairs will perliaps be sornewliat 
elucidated by an illustration. We may picture a brook flowing 
down the side of a valley into a pool. The water cannot, of 
course, flow from the pool up the op)posite side of the valley. 
The only way it can reach a point on this opposite side is to 
first flow around the head of the valley. The sole requirement 
is that everywhere on this circuitous route there be a certain 
minimum down grade. The water loses a part of its available 
energy of position in flowing around the head of the valley. It 
loses the rest of this energy as it flows down the slope into the 
pool. Whether the direct or the indirect path is followed depends 
here, just as it does in a chemical reaction, on the relative rcHist- 
ances of each path, or, as one would say in the chemical case, on 
the reaction velocity. The experiments of M. Traubc and C. 
Engler^ confirm the assumption that hydrogen peroxidt^nid not 
water, is the primary product of the union of hydrogen and oxygc3ii. 

Conditions are quite different in the case of carbon dioxitlc, 
a very perceptible dissociation being ol).scrved here, (3ven bedow 
2000 °. Mallard and Le Chatelier estimate that at 2000 '*, umku* 
a pressure of 6 atmospheres, it amounts to something less tliau 
5 per cent. In order quite to exclude any effects due to dis- 
sociation, these investigators employed another method of calcu- 
lation, taking as a basis the experiments of Sarreati and Vcdlle 
with the crusher manometer as a starting-point. This mano- 
meter is a sort of explosion bomb. The pressure developed in the 
explosions, amounting to thousands of atmospheres, cornpresst^H 
a copper cylinder fitted into an opening in tlie wall of the hoinb/-* 
By means of a compression machine, a hydrostatic pressure is 

1 Berl. Ber,, 33 (1900), 1110; Kernst, phjn, (JheMie., 40 (1903), 720. 

2 Described and illustrated in the Sixth Lecture. 
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found which will deform similar cylinders to an equal amount. 
In this way the gas pressure developed by the explosion is 
measured. From the nature and amount of the explosion, we 
know the heat evolved, as well as the mass and nature of the 
gaseous product of the explosion. We then know that a known 
quantity of heat can cause these gases to exert a measured 
pressure within a certain volume. We are therefore able, with 
the help of the gas laws, to calculate the specific heats of the 
gases at constant volume. The method has this advantage that 
the enormous pressures generated prevent any dissociation taking 
place which would render the reaction incomplete at high tem- 
peratures. In this manner, Mallard and Le Cha teller calculated 
the mean specific heat per mol at constant volume to be — 

4*76 +■ 0*00122;^ for the permanent gases 
5*78 -f 0*00286iJ for water-vapour 
6*5 -{- 0*00387^ for carbon dioxide 

Langen has recently measured the specific heats of these gases 
by Mallard and Le Chatelier’s original method, and has 
found — 

4*8 -1-6*0 X t X 10 for the permanent gases 
5*9 -1- 2*15 X / X 10 ^ for water-vapour 
6*7 + 2*6 X t X 10'^ for carbon dioxide^ 

His numbers all signify mean specific heats at constant volume 
between 0° and f. They particularly apply to the temperature 
interval of 1300° —1700° and, in this region, correspond well 
with the observed pressures. Even up to a temperature of 
2000° they are not in error by more than 3 per cent. Langen’s 
method of calculating the results of his explosion experiments has 
been criticized by Schreber,^ Langen got three linear equations 
for the mean specific heats of known mixtures of carbon dioxide, 
water-vapour, and the permanent gases between 0° and 1300°, 
0° and 1500°, and 0° and 1700°. Since the specific heats of the 
three components : (1) permanent gas, (2) water- vapour, (3) car- 
bon dioxide, are the three unknown quantities, it is possible to 
calculate them directly from the three equations. Schreber found 
in this way — 

1 “ Mitteilungen ilber Forschungsarbeiten auf dem Gebiete des Ingenieiir- 
wcsen,’’ vol. viii. (Berlin, 1903). 

2 Dinglers joolytechn, Journ., 318 (1903), 433. 
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Permanent gas • • • 4-5^79 + 0‘00053j! 

Water-vapour ... ... ••• 7 4;>(> 4- O'OOIK).')^ 

Carbon dioxide ••• 7'771 -1- 0*00180^ 

It may be remarked that the increase of the mean specific 
heat of water-vapour, according to Schreber’s calculation, is 
almost the same as calculated by Holborn and Henning from 
their calorimetric determinations, the increase of the mean 
specific heat of air being taking as — 

6*0 X 10“^^ 

Langen’s own comjiutation starts from tlie assumption that the 
mean specific heat of the permanent gases is correctly gi\'en by 
the formula— ^ 4.3 _|^ 0’0006^ 

which Mallard and Le Ghatelier derived from their explosion 
experiments, and on this basis got the above values. It is (dear 
from Schreber’s criticism that the mean specific lieat of water- 
vapour between 0°and 1300^ or 1700®, as determined by Langi^u, 
is relatively uncertain. The values of the mean specific IkmIs of 
the permanent gases are checked by Ste\am’s measurements^ of 
the ratio (k) of the two specific heats of air at high temperatmvs 
made by the use of Quincke’s acoustic thermornetei\ His value 
of K = 1*34 ± 0 01 harmonizes well with the values which Mallard 
and Le Ghatelier, as well as Langen and Schr(3b(,>.r, liav(3 cahni- 
lated ; while its agreement with the values of Mallaid and 
Le Ghatelier based on the experiments with the (Tusbor 
manometer is faulty. There are no further results to 
mentioned in this connection.'^ We will now attempt to surn- 
marize the various specific heat formiihe alrciady givcm, and 
also append a few additional ones. 

Tor carbon dioxide we have the following formuhe: — 

(<x) Cy, = 4*33(T10“^)®‘^*'^ according to Mallard and Le 
Ghatelier (explosion method). Basis : explosive pressun^ in gas 
explosions at 2000®, and Eegnault’s numbers. 

(&) Cy = 6*5 + 2*6^10“^ according to Langen. Basis: ex- 
plosive pressures at 1300®, 1500®, 1700®. The calorimetric 
determinations of Holborn and Austin between 0® and 800® 
agree with this expression. 

^ For the method and for a criticism of the result by Kalahno, Hc*e th(* 
Sixth Lecture, 

- Haiissere’s results (Forschiingsarheiten auf dem Gehiet den Tncjenkin'K- 
wesen, Heft 25 (Berlin, 1905)) are very uncertain, 
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(iS) = 7 - 7714 . 0’00189i?, according to Sclireber. Basis: 
Laiigen’s aboye-mentioiied experiments. 

(d) = 6 *S +• 0*00387 according to Mallard and Le 

Cliatelier. Basis : experiment with the emslier manometer. 

{e) It should finally he added that Le Cliatelier ^ later con- 
cluded to formulate all specific heats on the supposition that 
the specific heats of gases under constant pressure converge 
toward 6‘5 per mol at the absolute ^ero. The values which he 
therefore considered as the most probable are — 

Permanent gases 6*0 -{- 0*0006T 

'Vfater-yaponr G-5 -j- Q‘0O29T 

Carbon dioxide 6 '5 4- 0*0037T 

For water-vapour we have the following formulae: — 

(а) = 5*61 4 3*28^10 ^ according to Mallard and Le 
(Jhatelier. Basis : explosion observations at about 3350°, 
Ileguaiilt’s numbers for 120 ° - 220 °, chectei by explosion 
experiments with carbon monoxide, hydrogen, and oxygen 
based on formula Qo) for OO 2 . 

( б ) Cy = 5*78 4 2*86Q0 '^ according to Mallard and le 
Cliatelier. Basis: observations with the crusher manometer. 

0) Cy = 7'45G 4 0*001165^, according to Sclireber. Basis: 
La n gen's exj)eriineuts. 

(^^) = 5*9 4 215 according to langen. Basis: 

explosions at 1300°, 150fi°, and 1700°. 

Iia our consideration of the water-gas reaction we are 
interested in the difference between the specific heats of carbon 
dioxide and water- vapour, and we shall use these formulae to 
compute the value of this difference for a number of tempera- 
tures. Fiirtlier, instead of temperatures Celsius, we shall 
substitute absolute temperatures.^ 

^ Comj^e, Mend. ^104 (IS81), 17 BQ; and “ Cours cle cbiniie iadustrielle.” 
111080 axe the values wMcli Herr von JUptner (Z anor^. Cliem., 38 (1904), 63) 
UHCd. 

The following example illustrates the method of calculation. Laugen 
statos tl xcit 

C^coz (between 0° aud f) = 6*7 * 1 - 0*0026 ^ 

It fuHows then that — 

(true at f) = 6*7 4 - 0*0052^ 

and that— CW (true at = 6*7 +- 0*0052 (T - 273) 

= 5*28 + 0-0052T 

and then— O^coj (between 0° and = 5*28 + 0*002GT 
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We will first choose Langen’s values for constant volume. 

^„co. = 5*280 + 2-6 X 10-3T 
C.H.0 = 4*726 + 215 X 10-3T 

c,H.o ’^0*5^ “0^45 X io-^T 


Cucoo “• CuH.o then becomes, in the interval between 0° • abs. 
and T°, equal to — 


°G. . 

.. 1*227 

1427 

1627 

1827 

T 

.. 1500 

1700 

1900 

2100 

Cal. . 

.. +1*23 

+ 1*34 

+ 1*40 

+ 1*50 


Secondly, we will choose Schreber’s data for constant volume— 


= 6-739 + 0-00189T 
c,H.o = 6-82 + 0-0011C5T 
d„H,o = - 0'081 + 0-000725T 

dycoa then becomes, in the interval between 0° abs. and 

T°, equal to — 

°C. ... 1227 1427 1627 1827 

T ... 1500 1700 1900 2100 

Cal. ... +1*00 +1-15 4-1*30 4-1-44 


Thirdly, we choose the values of Mallard and Lo Chatelier based 
on manometer measurements — 


c,co. = 4-39 + 0’00387T 
C.H.0 = 4*22 + 0-00286T 

^rC02 ^tjH20 — 0*1685 -f- O’OOIOIT 
in the same interval then becomes — 

°C. ... 1227 1427 1G27 1827 

T ... 1500 1700 1900 2100 

Cal. ... +1*684 +1*886 +2*088 +2*280 

We will now revert to Hoitsema’s treatment of the water- 
gas reaction. Hoitsema selects the formula which Mallard 
and Le Chatelier computed from their experiments with the 
crusher manometer to represent the change of the specific heats 
of the gases with the temperatures, and assumes them to be 
correct. With their help he calculates the difference between 
the specific heats of the gases appearing and disappearing in the 
water-gas reaction as — 
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6-5 -f- 0-00387« 

5-78 + 0-00286?: 

0-72 4- O-OOlOli! 

On tMs basis he ariives at the expression — 

Qi = -10,111 4 0-72i 4 O-OOlOli^ 
using Berbielot’s value for the heat of reaction at 18°, and on 
the absolute temperature scale — 

Qt = - 10,232 4 01685T 4 O-OOIOIT^ 

Hoitseraa showed that the heat of reaction must therefore 
become zero at 2826°, which is easily seen to be true when 
we substitute the value (2825 4 273) for T in the equation just 
given. Hoitseraa then recalled that the equilibrium constant 
must show a maxiiniun at the place where the heat of reaction 
passes through zero. Tlii,s follows from our former equation (see 
P- 64)— _ Q 

dT ~ E.T2 


For, according to tlis equation, an increase dhiK will accompany 
aa increase of temperature clT, when Q has a negatiTe yahie, 

Init afterwards, when Q has acquired the opposite sign at a 
higher te mperature, dhiK must hecome negative, and consequently 
the equilihrium constant must become smaller. Now,IIoitsema 
found that the ratio of tlie compositions of the gases in Zorst- 
m anil’s experiments on the explosions of carbon monoxide and 
liydrogen with insiifhcient oxygen shows a maxinainni — 

Ch^O X Cco _ OK 
Cir, kCco."“^ 

He calculated, with the help of the above-mentioned specific heats, 
and with the help of the known heats of combustion of carbon 
monoxide and hydrogen, what the temperature of the gases in 
Horstmaim’s experiments must lave been, when the equilibrium 
constant showed this maximum. This temperature came out 
at 2700° which is evidently very near to the value 2825°. 

We have treated this calculation so exhaustively here Luggia’s 
because it has played an important roZe in the subsequent study 
of the question. It would seem at first sight as though its watp-gas 
results were sufficiently unequivocal to definitely settle 
location of the water-gas equilihrium at all temperatures. Thus, 
as Liigghi ^ has shown, if we turn to our formula — 

^ Joum.f, Gfashel Wasserverso7^g. (1898), 718. 
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A = Q. - - T-P - ’’ 

after an easy transformation we find, for the case of cquilibrnun, 
wl.creA = 0ajid5M^^=K 

0 = S - b“ - 


coxisfc • 

The constant Ic has the value " If? finally, wc insert 


Briggsian logarithms — 


Qd 


log“K - 2.3 X R X T 
const 


r.-SW“T-2.3> + '‘ 


Here ¥ = Inserting numerical values, we get- 


logio K = 


10,232 


2-3 X E X T 


0-1685, 0-00101 ,, 


We can directly calculate the constant if it is certain that 
the eq[uilihrium constant K for the T = 2825 + 273 has the 
value 6*25. Carrying out the calculation on this basis, and 
inserting the value of 7/ obtained (putting R = 2) — 

log“ K = - - 0-08463 log“ T - 0-0002203T + 2-4943 


If we now recur to our main formula, we may write it as — 
A = -10,232 - 0-1685mT - O OOIOIT^ 

- + 10-725T 

Oh, X Cco2 

Yet if we critically examine the basis of this formula, we are 
met by a series of grave objections. The correctness of the 
whole matter is evidently dependent, in the first degree, upon 
how close to the truth are Mallard and Le Chatelier’s values for 
the specific heats. Indeed, this dependence is of a double 
character; If, for instance, the specific heats of carbon dioxide 
and water- vapour were each slightly altered, the percentage 
effect of this change on the small difference of the two quantities 
(0*1685 + 0*00 10 IT) would be large. But a small difference 
in the value of the second term of this expression (that is, 
O'OOIOIT) would be sufficient, at these temperatures, where Q 
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becomes equal to zero, to give entirely different numbers. If 
we assume the values of Langen as true for all temperatures, 
the difference of the specific heats of carbon dioxide and water- 
vapour is 0*554 + 0 00045T. We get, then, by a similar 
development — 

Qt = ~ 10,298 + 0-554T + 0-00045T^ 

and Q does not became equal to 0 till at about 4000° or at a 
temperature some 1000° higher than before. 

In the second place, the values of the specific heats determine 
what temperature one computes for the gas mixture at the 
moment of explosion from the heats of combustion of carbon 
monoxide and hydrogen. Here the sum, and not the difference, 
of the specific heats comes into consideration. An inaccuracy 
in the difference by no means involves a like inaccuracy in the 
sum, and vice versa. The agreement of the maximum tempera- 
tures, which Hoitsema deduced on the one hand from Horst- 
mann’s gas analysis, and on the other hand from the heat of 
reaction, is therefore just as uncertain as the temperature at 
which tlie heat of reaction becomes equal to zero. 

The other basis for Hoitsema’s value is the number 6*25 for 
the maximum value, which the ratio — 

CcO X C-HgO __ 

Cco2 ^ C112 

reaches in the explosion experiments. The calculation of 
Hoitsema can only be right, provided the ratio, after it has 
adjusted itself at nearly 3000°, in the moment of the explosion, 
does not alter during the cooling. It is, however, improbable 
that this cooling is rapid enough to retain unaltered the com- 
position of the gases reached at these high temperatures. 

Hoitsema himself noted that Macnab and Eistori had 
made experiments with the gases produced in the detonation 
of explosives. These are chiefly carbon monoxide, carbon 
dioxide, nitrogen, hydrogen, and water-vapour. Their experi- 
ments did not agree with Horstmann’s results, and could only 
be brought into accord with them by the assumption that in 
Macnab and Eistori’s experiments the gases reacted further as 
they cooled off. We should also point out in this connection 
that repetition of Horstmann’s experiments by Botch,^ and 

1 Lieh. Ann., 210 (1881), 207. 


Experi- 
ments of 
Harries. 
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especially by Dixon/ have given results which cannot be recon- 
ciled at all with those of Horstmann, and awaken the suspicion 
that the walls of the vessels affect the results of the explosion 
process to such a degree as to render such experiments value- 
less for calculations of the equilibrium. 

In view of these considerations, it must at first seem very 
surprising that Luggin’s formula, based on Hoitsema's compu- 
tation — 

OOQO 

logio K = - 0-08463 log^^ T - 0-0002203T + 24943 

should fit so. well those observations of Harries, which Luggin 
Avas able to use in testing it. Harries had, at H. Bunte’s 
suggestion, passed water- vapour over glowing coals and deter- 
mined the composition of the mixture of hydrogen, carbon dioxide, 
carbon monoxide, and water-vapour formed. Harries’ results, 
as computed by Luggin, were as follows : — 


to c. 


CO 

CO2 

11,0 

Gas 

current. 
Litres per 
second. 

K 

obs. 

K 

cal. 

Luggin. 

G74 

841 

i 

0-G3 i 

3-84 

87*12 

0-9 

1-70 

0-49 

758 

22-28 

2'G7 

i 9-23 

65*82 

1-8 

0*85 

0-70 

838 

28-68 

6-04 i 

1 11-29 

54*09 1 

3'66 

1*01 

0-98 

838 

32-77 

7-96 ' 

12-11 

47-15 1 

3-28 

0*94 

0*08 

861 

36-48 1 

11*01 i 

i 13*33 

39-18 : 

5-3 

0*89 

1*07 

954 

4443 

32*70 

5-66 

17-21 

G-3 

2-25 

141 

1010 

47-30 

48*20 

1*45 

3-02 : 

6-15 

2*12 

1*65 

1060 

48*84 

46-31 

1-25 

3-68 

9-8 

2*78 

1*88 

1125 

50*73 

48*34 

0*60 

0-303 i 

i 

11*3 

0*48 

2*11 


Brom the given compositions of the gas mixture, the ratios — 

ChoO X Cc o _ 

Cco2 X Ch2 

are first calculated for the various temperatures. Beside them 
are placed the values of K as calculated for the various tempera- 
tures from Luggin’s formula. Though these experiments were 
merely undertaken to determine the effect of water-vapour on 
glowing coal, and were executed under experimental conditions 
which gave no assurance of the constancy of the temperature, 

' Phil Trans, Roy, Soc., 175 (1884), 618. 
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yet, with a few exceptions, there is a surprising agreement 
between the values of — 

ChoO X Cc o 
Cco2 ^ 

and the values of K, calculated from Luggin’s formula. 

Boudouard then instituted experiments to fix more accii- Expcri- 
rately the equilibrium constant by leading carbon dioxide and 
hydrogen into a hot evacuated vessel, which contained platinum 
as a contact substance. After a long heating, the gas was 
sucked out, and its composition determined. The results are 
enthely useless, for the composition of the gas before and 
after the experiment does not satisfy the stoichiometric require- 
ments of the reaction. When, for instance, Boudouard started 
with a mixture containing 51 per cent. CO 2 and 49 per cent. H 2 , 
there must have been 51 per cent. (CO 2 + CO) and 49 per cent. 

(H 2 + H 2 O) after the experiment. Instead of this he found, 
for instance, 60*2 per cent. CO + CO 2 and 39'8 per cent. 

(H 2 + H 2 O), Hahn has adduced yet other legitimate objec- 
tions to Boudouard’s experiments. He himself^ then subjected 
the problem to a careful study. 

On the one hand, Hahn led mixtures of carbon dioxide and Experi- 
hydrogen over platinum as a contact substance, and, on the 
other, mixtures of carbon monoxide and water-va]Dour. The 
values which he obtained in the first case for the equilibrium 
are given under (a), those in the second case under (&). The 
computation was carried out by Hahn in two ways— first using 
Luggin’s expression exactly as given, and then again using it 
after the thermodynamically indeterminate constant had been 
slightly altered (2‘4943 to 2’5084). 


t 

T 


6 

1 

Mean. 

Calculated with 
2*4943. j 2*5084. 

080 

959 

0*534 



0*505 

0*522 

786 

1059 

0*872 

0*808 

0*840 

0*790 

0*851 

880 

1159 

1*208 

1*186 

1*197 

1*133 

1*170 

980 ; 

, 1209 

1*590 

i 1*545 

i 1*571 

1*520 

(1*570) 

1005 

1 1278 

102 

— 

; — 

1*597 

1*650 

1080 

i 1359 

— 

! 1*90 

- 

1*938 

2*002 

1205 

i 1478 

2 120 

i — 


2*457 

2*538 

1405 

i 1678 

2*49 

i 


3*320 

3*433 


^ A.f, fhya, Ohcmie, 44, 510 and 48, 735. 
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In the interval between 686^^ and 1086° Hahn’s experi- 
ments agree surprisingly well with the Hoitsema-Liiggin curve. 
The values for 1205° and 1405° are divergent. Hahn later 
attempted another computation in order to explain these 
divergences. He used the Le Chatelier supposition that the 
specific heats of all gases under constant pressure equal 6*5 at the 
absolute zero point. Like Le Chatelier, he further makes use 
of the assumption that the specific heats, at any temperature, 
can be approximately represented by the linear formula 
6‘5 + xT, but chooses another value for x than did Le Chatelier. 
He takes 6*5 + 0*0042T as the molecular specific heat of 
carbon dioxide under constant pressure between 0° and T°, and 
6*5 + 0*0024T as that of hydrogen. Le Cliatelier liimself took 
6*5 + 0*0037T for carbon dioxide and 6*5 -f- 0*00029T for water- 
vapour — as we saw before. Hahn’s apparently insignificant 
change in Le Chatelier’s values causes the difference between 
the specific heats of carbon dioxide and water- vapour to come out 
entirely different,^ 0*0018T being obtained instead of 0*0008T. 
Hahn did not attempt to justify his procedure 1)y a comparison 
of his values of the specific heats with observation at high tem- 
peratures. He was satisfied to find that the observations whicli 
he had made at 1205° and 1405° upon the equilibrium appeared 
less divergent when he made this assumption regarding the 
specific lieats, and consequently used the formula — 

099n 

log K = 0*0003909T + 2*450G 

based on it for his calculation. He obtained in this way— 


Cal. K .. 

. 0*57 

0*86 

1*19 

1*55 

i-r.-2 

1*91 

2-33 2*94 

Found K . . 

. 0*53 

0*84 

1*20 

1*57 

(1-02) 

1*96 

2*13 2*49 

fC. 

. 686 

786 

886 

986 

1005 

1086 

1205 1405 


^ This becomes especially apparent when we compute the value ol 
as we have already done above (p. 134). According to Le 
Chatelier, its value is O'OOOST ; according to Halm, 0*001 8T. If wo place as 
before — 


we get — 


t 

.. 12*27 

1427 

1627 

1827 

T 

. 1500 

1700 

1900 

2100 

Le Chatelier .. 

.. +1*2 

+ 1*36 

+ 1*52 

+ 1-08 

Hahn 

+2*7 

+3*06 

+ 3*42 

+3-78 


While Le Ghatelier’s values uniformly accord with those of Langen, Sclireber, 
and Mallard and Le Chatelier, Hahn’s values are very different, and are 
quite unconfirmed by any observation. 
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Hahn'vS assumption evidently does not bring observation Halm’s 
and calculation into agreement. One is therefore led to inquire 1205 ° anci 
whether these values of Hahn cannot be otherwise explained. 1405°. 
Haber, Eichardt, and Allner, who continued the study of the 
question, investigated how quickly the composition of the 
gas mixture in the water-gas equilibrium changed with 
the temperature, when it was allowed to cool without touching 
the solid walls. They found that when the temperature fell at 
r a moderate rate, the adjustment of the equilibrium took place 

with sufficient rapidity above 1600°, but not below. From 
Hahn's own observation we see that platinum lowers this 
temperature of rapid adjustment to about 700°. It is certainly 
permissible to assume that the rate of adjustment on porcelain, 
quartz, and similar solid bodies would have an intermediate 
value, for gas reactions are, in general, accelerated by contact with 
hot, solid walls. It consequently seems very probable that the 
composition of the gas mixture in Hahn's experiments changed 
at temperatures above 1100° after it had left the platinum mass 
serving as a contact substance, and while it cooled off in contact 
with the quartz walls of the apparatus. Hahn did not fail to 
consider this possibility, but by observing that he obtained the 
same results with both slow and fast streams of gas, he felt 
assured that no such changes in composition took place. This 
proof is, however, not conclusive, as Hernst has shown. The 
temperature-fall in a gas streaming from a hot tube does not 
keep pace with the changing velocity of the gas's motion, but 
depends greatly on the thermal conductivity of the gas and 
the other thermal properties of the system. The only guarantee 
against a displacement of the equilibrium in cooling, would 
have been to have the gas pass directly from the glowing 
platinum into a cooled tube. A further uncertainty arises from 
the fact that Hahn used quartz vessels for his experiments, 
and this has been shown by Villard,^ by Jacquerod and Perrot,^ 
and by Berthelot^ to be permeable to hydrogen and other 
gases above 1100.° A statement of Berthelot makes this very 
plain. He says that 1 c.c. of hydrogen measured at atmo- 
spheric pressure was sealed up in a quartz tube of 5 c.c. 

^ QomH- Bend; 130 ( 1900 ), 1752 . 

2 Ibid., 139 ( 1904 ), 789 . 

3 Jhid,, 140 ( 1905 ), 821 , 
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capacity, and the tube heated for an hour to 1300^. After the 
heating, it was found that 44 per cent, of the hydrogen used 
had disappeared, while 14 per cent, of nitrogen had entered. In 
other experiments carbon heated to 1300° — -1325° in evacuated 
quartz tubes, in the air, was attacked with the formation of 
carbon monoxide, showing that oxygen had diffused through the 
quartz into the tube. Indeed, we possess no material of which 
we may construct a vessel impermeable to the components of 
water-gas at temperatures above 1200°. Platinum, like quartz, 
is permeable to hydrogen, while porcelain, according to results 
of Le Chatelier and Boudouard,^ allows perceptible quantities of 
hydrogen to pass through at 1200°, and large quantities (2 mg. 
from a porcelain vessel of 60-70 c.c. contents) at 1320°, 
according to measurements by Crafts. Besides this, porcelain, 
because of a small amount of iron oxide which it usually con- 
tains, acts chemically on the hydrogen at these high temperatures. 

But we have direct evidence against Hahn’s results above 
1086° Haber, Richardt, and Allner have determined the water- 
gas equilibrium in open flames, and have found values between 
1250° and 1500°, which agree throughout with Halm’s original 
calculation — 

99^9 

log K = - - 0-08463 log^o x - 0-0002203T + 2*5084 

so that this must pass as a reliable determination of the. 
location of the water-gas equilibrium between about 680° and 
about 1480°, or over an interval of 800°. 

In view of these results, it might be useful to give a ])rief 
summary of the values we should get for the equilibrium 
constant, and the change of this constant with the temperature, 

^ when we use other data for the specific heats than those of 
Mallard and Le Chatelier (from the crusher manometer method). 
We will therefore calculate the values of K — 

(1) Using the heats of reaction according to Berthelot, and 
the specific heat of carbon dioxide and water-vap>our given 
by Langen, we assume the value of K at 986° = 1*57 as 
correct. 

(2) Using the heat of reaction according to Berthelot, and 
the specific heat of carbon dioxide and water-vapour which 

1 Temperatures elevees ” (Paris, 1900), p. 47. 
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Schreber computed from Langen’s observations, we assume 
here, as before, that the value of K = 1-57 at 986° is correct. 
From (1) we get the expression-— 

2245 

log K ^ 0-2783 log T - 0-0000981 x T + 2-9653 

From (2) — 

2213 

log K = ~ 4- 0*04061 log T -- 0-000158T + 2*0266 

Beside this,, are arranged (3) the numbers observed by Hahn, 

(4) the values derived from Hahn's earlier formulae, and finally 

(5) numbers computed by means of another entirely different 
formula, which will be discussed further on. This formula is — 

log K = - + 0-783 log T - 0-00043 x T 


i 

i 1 

! T i 

1 

1 j 

2 1 

i 

3 1 

1 

4 

5 

(.;86 

D5D i 

0-50 1 

1 

0*49 1 

1 

0*534 

0*52 

0*52 

78r> i 

1059 : 

0-79 1 

0*78 

0*840 H- 0*032 1 

0*85 

0*82 

886 i 

1159 i 

1*15 

1*12 

1*197 •+• 0*011 ! 

1*17 

M9 

DBG 

1259 ! 

(1*57) ! 

(1-57) 

i 1*571 -1- 0*02G i 

(1*57) 

1*G0 

1005 

1278 ; 



! 1*G2 1 

1*65 

— 

1 () 8 () 

1359 . 

2*04 

i 2*05 

1*956 1 

2*00 

2*04 

1205 

1478 

2*()7 

2'GG ' 

[•2-12G] 

2*54 

2 GO 

1405 

1678 1 

3-09 

3*75 

[2*49] 1 

3*43 

3-48 

1500 

i 1773 

— 

4*27 


— 

3 87 

IGOO 

1 1873 

4*70 

4 81 

— 

4*24 

4*24 


We see, in the first j^lace, tliat the numbers under (1) (up to 
1405^^ at least) do not materially differ from those under (4) 
and (2). The numbers under (1), however, are based on 
Langen’s specific heats, which, as we saw before, are wholly 
irreconcilable with Hoitsema’s maximum. It is evident, then, 
that tlio o])servations of Harries, Hahn, Haber, Eichardt, and 
Allner do not confirm the existence of Hoitsema's maximum. 
Considered alone, however, it has no significance, and may be 
diBinisscd from our consideration. 

If, now, we survey tlie entire question, we see tliat the use Tlio 
of all previously mentioned values of the specific heats in 
formula— caily 


Q ^ ^'T/nT 


"f2 ^ liThi- 


CcoX ^ 

Geo, X a 


IhO 

H, 


4- const. T 


indeter- 

minate 

constant 
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leads ns to assume a large value for the thermodynamically 
indeterminate constant. Luggin calculates it, on the basis of 
Mallard and Le Chateliers values, to be 4-10*725. Hahn’s 
observations change this number to 11,438. With Langen’s 
specific heats it becomes 13,521. Eecalculation according to 
the values of the specific heat computed by Scbreber makes it 
9*24. We should expect zero instead of these values. A formula 
which would give such a value is — 

A = -9650 4- l-55mT - O'OOIOSP - 

'X 

A simple transformation of this formula gives the above- 
mentioned expression, by means of which the numbers in 
the fifth column of the above table were calculated. They 
agree excellently with the observed values. The quantity 
ccoo — ^HgO becomes on this basis — 1*55 4- 0*00195T. This 
difference of the mean specific heats between 0"^ abs. and T°, 
computed as before for a series of temperatures, gives the 
numbers — 

1227 1427 1G27 1827 

T 1500 1700 1900 2100 

Grara-cal. ... 4-1*37 +1*76 4-2*15 4-2*54 

These numbers, both as regards magnitude and sign, are very 
close to those which we previously found from the results of 
Mallard and Le Chatelier, Langen and Schreber. Since it is 
precisely this interval (between 1300° and 1700°) which is best 
studied, the agreements of our assumption with the other 
formulae gives it added support. According to our formula, 
the sign of the difference changes at 522° This does not agree 
with the results of Holborn and Austin and of Holborn and 
Henning. Calculation based upon their observations shows 
that the differences between the mean specific heats of carbon 
dioxide and water-vapour between 0° abs. and T° are — 

t^O 527 727 927 

T 800 1000 1200 

Gram-cal. ... 4-0*54 4-0*63 4-0*69 

The differences as calculated from our formula are greater 
at temperatures above, and less at temperatures below 850°. 
Yet in reality there is no contradiction between the two, for 
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the measurements of Holborn and his associates did not extend 
higher than 850°, and our formula does not claim to be applic- 
able at any temperature below 650° But the discrepancy 
is small between 650° and 850°, and, indeed, we shall see 
in the next lecture that we, using our formula, obtain correct 
values for the energy of formation of water-vapour from its 
elements at temperatures a great deal lower than 650°. 

There is still a word to be said regarding the heat of reaction 
Qq = —9650, which we have assumed. Since we maintain the 
accuracy of our formula only for high temperatures, we are no 
longer justified in using it to calculate the value of Qq. A 
correct procedure would be to first calculate the value of 
Q for say 700° C. from its value at ordinary temperatures 
(-10,000 to —10,100 cal.), using the formulae of Holborn and 
his co-workers. From this we could calculate Qq, using our 
expression — 1*55 + 0*00195T. But the heat of reaction 
changes so slowly with the temperature that for the present we 
may call Qq approximately equal to —9650 cal. When the 
equilibrium constant of the water-gas reaction and the specific 
heats of the gases taking part in it are better known, this can 
be easily corrected. Meanwhile the equation — 

A = -9650 + l'55mT - O'OOIOSP - 

<^002 ^ ^112 

may be recommended for calculating the location of the 
equilibrium for high temperatures (above 650°). 

Another fact worthy of notice appears from Hahn’s observa- 
tions. Hahn found that the equilibrium constant becomes 
equal to unity at 830°. It follows from this that carbon 
monoxide and hydrogen are equally strong reducing agents, and 
carbon dioxide and water- vapour equally strong oxidizing agents, 
at this temperature. At lower temperatures carbon monoxide, 
at higher temperatures hydrogen, is the stronger reducing agent. 

Eeviewing now the cases discussed in this lecture, we see Conclud- 
that it is possible to consider the thermodynamically indetermi- 
nate constant as equal to zero without in any way conflicting with 
the facts. Our conclusion is not, however, a rigorous one, for we 
have everywhere found great uncertainty regarding the specific 
heats. Now, only the logarithms of the ratios of the concentra- 
tions enter into our equation, while the specific heats appear as 
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FIFTH T.Erri’UHE 


SuMi: i:\'AMPLK.S OF RKAC'I’IONS IMVOLVINO A C5IIANOE IlST TIIF 
NUMBKU OK MOLEOOLFS 


The sru'oilii cIush of r(‘.{U5tions, that i.s, ntactions where ili/ is not 
zero, hut where iu.sktad the numlxir ol‘ inolccuiles changes 
(luring the, rfiacii(>n, also r(‘<[uir(^s a l>rief preliminary (h'sciissioii. 

]»n‘ssur«‘ is heni tlui g(jverning factor, we shall use partial 
pn*Hsur(*s in cnir <*<piati(»nH in accordance witli our previous dis- 
cuHsitui ^p. 0-). Tids usage, is not the general one. Following 
Le (’Iiahdier and Plarnik, it has ))ee.n usual to employ so-called 
“ numerieal confsnd raticuis.'' These ar(‘, identical with tlie 
]>artial jjnj.ssun's wlum the total ju’cssure is one atmosidicre. 
At other prt^sHurf^H they are e(pnil to tin*, ([uotient of the partial 
pre,.SHnre over tln^, total ]>ressure. If we call the numerical 
CdmsmlratioiiH c, tlujn, taking as an example the formation of 
carlnui dioxide — 


/A'o. 

^Vo, »“= p , = p , 


and =: 


and HO 

pm, _ Ohj. X V _ ^ 1 

/Hh, X //h, /Vo X T X (/'u, X V)^ ('CO X d, 


wli<*re P Hignilies t(d.al jircHsure. 

If now W(! wrih* ila* (expre^ssiou for tluj energy of th(^ 
forniaiion of I'arhon dioxide, using nunnu-icul (jomamtrations/ 

\V(* get — 

A = (,>„ - rr'TUr - rr’"r^ - HT/// .., , X I„ + couBt. T 

(’i:o X f(}j \/l 

* Iliuicrk’H di'flitifion of equilibrium myn (“ Tlicrmodyuamik,” 2o(l (‘(Hi. 

l!ior»v rmra. 241) — 

/Tw. + »'«+... 

k X Ty > . . . X * X 1' 


THERMODVXAMirs 


146 

multiples of their differences. Tliat is, iri the for 

miK. we have 0 -' multiplied hy the factor Ml\ and multi- 
plied by the still much larger factor T. Two obsrTvat ions 
may be made in this coiiiicctioii. 

If we consider adherence to tlm equation pr=irr as a first 
criterion of an ideal gas reaction, ami the (‘qtialiiy of t in* 
heats and their constancy with the tempera! tin* as a Hec'(»ncl, 
then we should expect that tlie ordinary gas reaction wiuild 
satisfy the first much hett(‘r than the, second caitcrion. tur 
the locjariihii of am/m is hut slightly aflecteil hy small ohaiigos 
in the separate quantities, while tht^ mnltipir of a difftmur. in 
very sensitive to any such changc*s. It folI<i\VH fntm tluH tluit 
the study of chemical equilibria at high tmiipcraiurcH (Ahrs 
much better conditions for the acctiraic? determination of the 
specific heats of gases at these tempe^ratunm thim diHts either 
the acoustic or the calorimetric mcdliocL This fact is also of 
importance in comparing the results of l»cKlenHieiidH study tif 
the hydriodic acid equilibrium witii the acoiiHtic, mr*asununiuitH 
of Strecker. To bo sure, we only gat the dillerenfui of the 
specific heats from such equilil>ria meaHunnnentH. Btit ihi! 
study of dissociations where a Hingle gas is in eifniliUrium 
with solids allows us, as was shown at the end of the hi,Hf 
lecture, to find the specific heats id many gases j>rovided wt* 
know the 8X)ecific heats of the solid sulmiancoH and thc! ilHH*fcia«« 
tion pressures. Thus carbon dioxide coulfl he sitiiliitd in the 
dissociating carbonates, hydrogen in hydrides, nilrogeii in 
nitrides, and oxygen in oxides.^ 

1 llio phenomena of “aging” ahown !»y many fit rirdinary 

temperatnrea (hco, for nmianco, UjiImu' iind vim Z./l fimm/, US 

(1904), 378) might very conKi(l(»raI}!y Cfimplirafo tlicw? at lo'cli 

temperaturcH. Thin view Imn tweri OHpctaidly I'ffiiihawV.ed i«y 'Wiildr^r (Z./, 
Med7vc/iemze (l(K)5)f 830), who invoHligiitod Ihi* fijiiiiorklion af flu* |iiil|;idiimi 
oxides. Sec also in this connection Jonlink oxpi!riri«m!)i with Ih** fiirlmnafo 
of manganese, Z7i7i. ChinL Phyn,,{4) Sft qH7:i), 


FIFTH T.EOTUliE 


SHMi: KXAMrLEH OB*' llEAOTIONS I^^VO^.V^^^a A OirANTlK IN TMK 
XlJMHEIt OE MOLKCUI.KS 


Tuf. (‘las.s iliat iH, reactions where Si/ is not 

zv-.pi, hut where iuntead the niuuher of molecules changes 
liiiring the reaeiimi, also r(‘qiures a bri(d' pniliminary discussion. 
Si not* prcHsure is here the gf)vcrning factor, we shall use partial 
lu'esHures in onr ispiutions in a(',cordance with our previous dis- 
eussiou fi). 52). This usage is not the general one. Following 
1^! (‘halelier uml Planck, it has )>een usual to cniiiloy so-called 
numerical concentrations.'' These arci identical with tlio 
partial pnissures wlam the total pi’cssuni is one atmosphere. 
At othrn* pressuncs lluty are e<pial to tlie ([uotient of the partial 
prc,HHurf*. ()ver the, total )>ressure. If we call the numerical 
€*ru}centration.H c, ihetn, taking as an example the formation of 
earhou dh^xidt*,-— 




liiid Bn- 


pm, 

P ' 


CCf) 


Pco 

p ' 


and 


p,:, X /<?,, 


X P _ (‘m.j, 

All X 1 ' X (a,. X P)^ rm X (' 


J 


^/P 


where P hi-^iiilies iota! pnissure. 

If itf#w we write tia* (‘.xpres.sion for tlu; energy of tlu^ 
fiiriii'ilion of earlion dioxide^ using numerical comumirations/ 

We ‘^el — 

<.1,, - fr'yinr - ,t"'P - lirin... '''■'’•■ , X h + const.. T 
' X 4^ x/l’ 


i deBcilifet 

|«im, 241)-- 


of <*r|uiHFritim nnyH (“ ThcrniodynainikT 2tHl (‘dit. 



b 

X X T- 
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or — 

A = a - <r' T;? iT - <r"T2 + Emp* - + const, T 

Cco X ^2 

The result simply is, as we see, that the effect of pressure finds 
a particular expression in the term while in our usual 

notation — 

A = Qo - o-'.mT - a"T^ - Em— const. T 

“ ^ i>CO X J>h2 

nothing is specially emphasized. No use will be made of this 
rearrangement in what follows. 

After a short preliminary discussion concerning compounds 
of oxygen and nitrogen, we shall consider in detail five reactions, 
namely — 

If we take the logarithms of this expression, we obtain our formula — 

:s,vlnc' = Ina + 2y7wT — :Zv'lnp ~ "T 

Here^ represents the total pressure, and maybe combined witli the numerical 
concentrations, when we obtain — 

0 = Ina + 2/ZnT — 'S.vlnjp' ~ 

Here represents partial pressure, and 2//'%/ the equilibrium constant Kp. 
Planck defines (—5) as ( — c) as in our notation. Suhstituting, 

we get — 

0 = ^ - + %v'lnT! - S>''lnp' + Im 

But— 

= o-'v “ 

Substituting . this in the above equation, and multiplying by ET at the same 
time, it follows that — 

0 = Qo - ir'pTlnT - ET2»/77iy + (Ehia)T 

The equation then has exactly the same meaning as ours. A is given the 
particular value 0 applying to the equilibrium condition, and cr" is considered 
as negligible. Then, too, in place of our constant, there is an expression 'Rina, 
where a is also a constant chosen chiefly for convenience in calculations. 
Planck in general omits to consider the differences in specific heats at constant 
volume, and thus assumes that the heat of reaction at constant volume does 
not change with the temperature. The “ dictate of experience that an element 
has the same specific heat in its various compounds ” is considered by Planck 
himself as merely a first approximation {lx., para. 51). For the history of 
this principle see p. 66. 
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1. The formation of carbon dioxide from carbon monoxide 
and oxygen. 

2. The formation of water from its elements. 

3. Deacon’s process for the manufacture of hydrochloric acid. 

4. The formation of sulphur trioxide from sulphur dioxide 
and oxygen. 

5. The formation of ammonia from its elements. 

The formation of nitrogen tetroxide from nitrogen dioxide is 
a freq[uent text-book example of an equilibrium with an unequal 
number of reacting molecules. It has been studied by Playfair 
and Wanklyn/ by E. Miiller/ by Deville and Troost,^ by Ed. 
and Lad. ISTatanson/ by Nauman,® and by von Salet.® GibbsJ 
Boltzmann,® van’t Hoff,^ Swart,^^ and Schreber/^ have treated 
the case mathematically.^^ 

This intensive treatment has been of great importance in 
the historical development of the theory of gaseous chemical re- 
actions. We must, therefore, at least mention it, although our 
treatment must be very brief, as it does not immediately 
concern us at present. We shall make use of the data for the 
equilibrium constant which Schreber has critically computed 
from the experimental results of the Natanson brothers. 


^ Ann. Chem. Rharm.j 122, 245. 

Ibid., 122, 1. 

‘‘J Com:pt. Rend., G4, 237 (1867) ; comp, also Berl. Ber. (1878), 2045. 

Wied. Ann., 24, 454 (1885), and 27 (1886), G06. 

^ Ann. Chem. Bliarm. (1868) ; suppl. vi. 205. 

« Cornet. Rend., 67, 488. 

^ “ Thermodynamische Studien,” translated into German by Ostwald, 
p. 210 (Leipzig, 1892). 

8 Wied. Ann., 22,12 {imy 

^ “ Studien zur chem. Dynamik,” von van’t Iloff-Colien (Leipzig, 1896), 
p. 150. 

Z. /, ph^s. Ghemie, 7, 120 (1891). 

Ibid., 24 (1897), 651. 

Comp, also Nernst, ‘‘ Theoret. Chem.,” 4th edit., p. 437. 

Schreber makes use of another definition of the equilibrium constant 
than we have chosen. His refers (1) not to formation, but to decomposition ; 
(2) not to I mol but to one mol; (3) his unit of pressure is not an 

atmosphere, but a millimetre of mercury. Our equilibrium constant, there- 
fore, bears the following relation to his: — 




760 

p (Schr.) 


Nitrogen 
dioxide 
and nitro- 
gen 

tetroxide. 


Equili- 
brium con- 
stants for 
the forma- 
tion of 
nitrogen 
tetroxidc. 
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We see, in the first place, that to the reaction. — 
N02^iN204 
corresponds the eq[uilibriuin constant — 

i’KOa 

This can be calculated from measurements of the density of 
the gaseous mixtures, since this increases as the formation of 
nitrogen tetroxide progresses.^ 

The following table was so obtained : — 


OC . 

T 



0-0 

273-0 

8-06 

4-132 

18*3 

291-3 

3*71 

! 2-598 

49-9 

322-9 

1*116 

0-218 

73*6 

346-6 

0-544 

1 - 1-207 

99-8 

372-8 

0-273 

- 2 - 5 G 8 


We can easily calculate the degree of dissociation at a given 
total pressure P of the mixture from the equilibrium constant 
Kp, if we remember that the total i)ressure is simply the sum 
of the partial pressures — 

P = + Pn^o.! 

We can further see that if x represents the degree of dissociation, 
1 — X is the fraction of the mols of tetroxide originally present 
still unchanged, and 2x the number of mols of dioxide which 
has been formed. The total pressure is therefore exerted by 
(1 — x) + 2Xj that is 1 4* a; mols. The partial pressure P^Os is 
exerted by 2x mols of NO 2 , and the partial pressure P^gOs is 
exerted by (1 — x)'N20i^ But since the partial pressure bears 
the same ratio to the total pressure as the mols of gas 
producing it do to the total number of mols, it follows that — 


P 1 + a; 


and 


p 


1 X 
1 + X 


1 For the relation of partial pressure and density in this case, see Nernst, 
“Tlieor. Chemie,” 4th edit, p. 437. 
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'I'lii'. tHiuililirium cmislual is lluiu rnpn-HiaiUMl by 



K/' = 



X 


I “f* a '- 



1 


Su in, tor half (liHstnaafcMl 

f.r i:- ii-rj) ulniosjilitaac la’iiHHuni wIm'Ii Uto ^‘‘[uiuhrunii 

rfHiHiiUit ha4 thvj vuhuj <)'Sr,ri, ihai ia, a<’-ounlin,i^ to iho- iul>Ie, at 

uIhiuI »»4 If Wii our tahio on other niitaHureiiKuitH ol 

delimit V, we ,shoal*i |„^ei i Hj^htly difiiUHuil* nunihe.i'M. I huH, 
arr(U‘ahi;i 4 to Ueville and Tnnea (/a\) the half dianoriat^ sia‘j:(i 
ia reached ^omtnvhai ai HUier, fuiiee jMa'onlin;^ to the.in oli'Ht |>e,r 
rent. * - (toLtii) i Hli:iai(date<latt,2\ The* e<|uilihritun <a)nMla,nt 
deereaMi’M rajddly with UuuiHjruiune d'he, <ie;.^n5e- ol dia- 

.HMeiaiiou tJui i uppio%;ima!ea iieanu* and nearer to unity. Ihit 
tlie huanula that it ean never rtnttdi thin value., aiiiee, 

olherwin** (at finite, pre^euin^) lh(' equilihriuiu eonatant would 
aei|uire the vahui of y.ero (/a-K;, •— v: ). \ <‘t tluj 

(liH.Hoeiaiioii hua |jro*,^re;i*(*.d ho far at lo() that# we may eomuilei 
it an prai’tieally eiunphde. ( hdy tunler treimaidiuiMly hiph 
pre. :iine , vMi tetnrxide exi.it ahi^vtj loth in <iuantiti(^H w<u*th 
ment ionium 

Lei m now proei^ed to the ai»pli«*at ion of our eeneral formtda, 
to thi;i eaHe. t huitiiuo fhi; tiuni whieji ulwfiy.i liaa ;umdl 
valuer at low t euipfa'aiure.^, and of whoae uxi.ilenee th(‘ 
jiiea:au'i:ineiit;i Ux no hint, we, get.- 

A == - n'H'InT - + cuiiMl/r 

/tNO# 

At the ejtuihhriuiii A Leeoinoi e,qual to /.eni, arul the, ecpulihriuni 
eon I ant i:i to h»! uih ilJluieri in tlnj logarithmie. term for the, 
ntiio for lie.! partial prenaurtre We then ohtain - 

iI/«Kjf, ““ fr^J/iT 4“ aiUi.Ht. 

A''^ a fir:4 approximation Wi* may a-’eninie iliat the, apeadfie, lunit-M 
at ejiiiBt#iint Volume ot Nn^ and are identieaL At cumatant 

l»re.Haiire tint former would he. greater hy It and ilie lail.e-r hy lit 
tliiiii III volume. The dilhtremu! V|, would ihendore Iiavt*, 
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Schreber computed the former at 


the value or about 1 . 

Planck's suggestion, making this assumption. He found in this 
way that Qo = 6566 cal. The heat of formation of \ mol ¥204 
from 1 mol HO 2 at constant pressure would therefore be 
6860 cals, at ordinary temperatures. Actual calorimetric 
measurement gave the smaller number 6450 cal. 

j> 

If we insert in our formula the value 6566 for Qo and 


for o-'j,, we get a very large value for the constant, namely 
— 14*3. The assumption that cr'y equals zero, which is 
responsible for this large value, is, however, an improbable 
one. Experience has shown us that the specific heats of 
condensed gases at constant volume are generally smaller 
than the sum of the specific heats of their components. This is 
evident from the following examples taken from a compilation 
in Berthelot’s Thermochimie (all the values refer to ordinary 
or slightly elevated temperatures) : — 



True specific ! 
of the components. j 

heats 

of the compound. 


Const, pressure. 

Const, vol. 

Const, press. 

Const, vol. 

CO + IO 2 

6-83 + 3-41 
10'-24 

7-26 

8-59 

6-Gl 

11 , + 40, 

6-82 + 3*41 
10*28 

7-25 

8-05 

G-G7 

+ ... 

3-42 + 10-23 
i3-6r> 

9-69 

8*51 

G-53 

C 2 H 2 + BrH ... 

9-7 + C-64 
16-34 

12-37 

12-1 

10-3 


It is therefore easy to believe that the specific heat of nitrogen 
dioxide at constant volume perceptibly exceeds that of I mol 
of nitrogen tetroxide. 

Difference According to the Natanson brothers, we may take 1*31 as 
specific specific heats of NO 2 at constant pressure and 

heats in constant volume. It follows from this that the specific heat at 
nUro^en^^ Constant volume amounts to some 6*4 per mol HO 2 . It is then 
tetroxide. very like that of carbon dioxide and water-vapour. If we 
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estimate the specific heat of the tetroxide at constant volume 
as about the same as that of ethylene bromide, that is about 10 , 
then, the difference of the specific heats of 1 mol ^62 and I mol 
N 2 O 4 at constant volume should be 1*4, and at constant pressure 
2-4. If, then, we put the difference ap = 2 ‘4, it follows from 
the experimentally determined values of the heat of reaction 
at ordinary temperatures (Qt = 6450) and constant pressure 
that Qo = 5730 cal, and we obtain — 

ninKp = ^ - 2-4/^T + const. 

It is easy to show that the assumption of the small value - 3*6 
for the constant will now yield values of concordant 

enough with the value in the table. We thus obtain — 


OC. 

according to 
earlier tables. 

R^nK;, 

calculated. 

l 

0° 

4*213 

4*00 

18-3 

2*598 

2*46 

49*9 

0*218 

0*28 

73*6 

-1*207 

-1*11 

99*8 

-2*568 

-2*44 


We could not expect a more precise argument, because in the 
temperature interval we are considering the gases are very near to 
their point of condensation. Indeed, nitrogen peroxide liquefies 
at ca. 25"^ under atmospheric pressure. The maximum work, as 
well as the specific heat, agrees only roughly with the funda- 
mental laws in the neighbourhood of the condensation point.^ 

This case is typical from a chemical point of view with Cases ana- 
a whole series of other reactions. However, they can hardly that^oV*^ 
be called real gas reactions, although they may be treated nitrogen 
according to the same principle. I may mention the formation 
of the '' addition product/' methylether hydrochloride. 

^ If we attempt to calculate the velocity of sound in this gaseous mixture 
on the basis of our assumptions regarding specific heats, wo get results entirely 
at variance with the experimental values obtained by the Natanson brothers. 

Indeed, we should not expect an agreement in the light of the above con- 
sideration, Swart {Lc.) treats this case without the use of the fundamental 
gas equations. 
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‘‘ Molecu- 
lar com- 
pounds. 


IS4 


H 

HCl + CH3-O-CH3 = CH3 ~ 0 ~ OH3 

I 

Cl 

Friedel ^ has studied the dynamics of this reaction exx^eriment- 
ally, andWegscheider^ theoretically. Phosphorus x^entachloride,^ 
ammonium chloride, and amnioniimi carbamate all dissociate 
readily when heated, and therefore also belong to this class. 
These cases are generally exjplained by assuming the breaking 
of weak, but real, bonds between the phosphorus trichloride and 
chlorine, the hydrochloric acid and the ammonia, and between 
the carbamic acid and the ammonia. Where such an assump- 
tion does not agree with the current concej)tion of valence, as 
in the case of acetic acid, which, like nitric oxide, shows a 
marked tendency to x^olymerize ^ just above its boiling-point, 
“ molecular compounds ’’ are assumed. Other explanations are 
sometimes made use of, and oxygen furnishes us an illustra- 
tion of this. As long as the idea of divalent oxygen was adhered 
to, the hydrochloride of methylether was called a molecular 
compound. But now it is considered to be a salt of hydrochloric 
acid and methylether, since von Baeyerand Villiger^ havei-aiscd 
the idea of a tetra valent oxj^gen to the rank of a princixjle. 

In the final analysis the question depends fundamentally 
on the equilibrium constant. If the equilibrium constant of 
a substance at ordinary temperature is as a rule rather large 
in its divalent condition, but small in its tetra- and hexavalent 
condition, then the latter is difficult to prepare and of limited 
stability. When we do get such a compound it is spoken of as 
a molecular compound, in order not to conflict with the simple 
divalent idea. The heat of reaction has a determinative influence 
on the magnitude of the equilibrium constant at low tempera- 
tures, because the terms crplnY: and a 'T in our formula do not 

1 Friedel, BvILsoc, chim.^ 24, 160, and 241 (1875). 

2 Wegsclieider, Sitzungsber, Wiener AJead.^ 108 (1899), p. 119. 

^ For a historical and mathematical treatment of this case see Wegsch cider, 
Wiener Ahad.^ 108 (1899), p. 76. 

^ For data and calculations see Nernst, “Theoret. Chein.,” 4th edit., p. 
480. 

s Berl Ber., 34 (1901), II, 2680. 
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become large till high temperatures are reached. Actually, then, 
we only consider substances to be molecular compounds when 
their formation is accompanied by a small evolution of heat. 

Thus any sharp division into real and molecular compounds is 
a thoroughly arbitrary one. 

In this connection the case of nitrogen tetroxide gives 
occasion for yet another observation. The dioxide formed by 
the dissociation of the tetroxide can itself dissociate farther into 

T nitric oxide and oxygen. The equilibrium constant for the 

formation of tetroxide is very small, even at 150°, and the 
tetroxide is therefore almost wholly dissociated. The equi- 
librium constant of the reaction — 

N0 + 0$N02 

on the other hand, is still large at this low temperature, and the 
I dioxide is consequently stable. Eichardson’s ^ measurements of 

J the vapour densities of nitrogen dioxide furnish a basis for 

I evaluating a formula for this reaction similar to that just used 

• f in the case of the formation of dioxide from tetroxide. The 

dissociation of the dioxide amounts to only 5 per cent, under 
i atmospheric pressure at 184°, while at 600° under atmospheric 

I pressure it is practically complete. 

r We recognize in its much higher heat of formation the chief 

? reason for the stability of the dioxide. The heat of formation 

of 1 mol hr02 from ITO -t- 0 amounts indeed to 13,100 cal. at 
ordinary temperatures. 

One might now conclude that nitric oxide, too, would Nitric 
decompose into nitrogen and oxygen at still higher tempera- 
tures. But that is not the case ; for, as we saw in the j)receding 
lecture, the equilibrium constant of the formation of nitric oxide 

# from the elements is very small at 1800°, and decreases from 
there on. 

Nitric oxide is therefore stable below 1800°, simply because 
the velocity of its decomposition is extremely small. If the dis- 
sociation of nitric oxide did not have such a specifically small 
velocity even at the most intense white heat, nitrogen tetroxide 
when heated would not decompose into nitrogen dioxide, and this 

1 Journ. Ohem. Soc., 51 (1887), 307; and Nernst, “Tkeoret. Gliem.,” 

4tli edit, p. 438. 
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Nitrous 

oxide. 


Case I. 
The forma- 
tion of 
carbon 
dioxide. 


ill turn into nitric oxide, but both would dissociate directly into 
the elements. 

Finally, nitrons oxide, like nitric oxide, is certainly stable 
at high temi3eratnres. Like nitric oxide, too, its formation at 
ordinary temperatures is accompanied by a large absorption of 
heat ( — 18,500 cal. per mol NOg at constant pressure). Yet we 
know that at 900° it is almost completely dissociated into its 
elements.^ Perhaps the temperature in which it can be formed 
from the elements to any considerable extent lies very much 
higher, and it would be interesting to determine whether it 
too is formed when nitric oxide is produced in the electric arc. 

The discussion of those cases which are of more immediate 
interest to us may well be opened by a consideration of the 
dissociation of carbon dioxide. 

Sixteen years ago Le Chatelier^ made certain calculations 
concerning this reaction, in the course of which he derived a 
table of the degrees of dissociation of carbon dioxide. The table 
has become widely known in scientific literature because of the 
convenience with which it can be used. Its experimental 
basis ^ consists of three sets of observations — Deville's analysis 
of dissociated gases ; Mallard's and le Chatelier’s measurements 
of the explosion pressures developed when carbon monoxide and 
oxygen unite in closed vessels; and density determinations of 
carbon dioxide at high temperatures. 

Le Qhatelier (/.c.) states that H. St. Claire Peville found, 
with the help of his cold-hot " tube, that carbon dioxide is 0'002 
dissociated at ca. 1300°. Deville's '' cold-hot" tube^ was simply 
a porcelain tube through which a brass tube filled with Wowing 
water was inserted. The porcelain tube was heated from without, 
the gas being contained in the annular space between the two 
tubes. Deville was able by means of this simple and elegant 

^ Victor Meyer and Langer, “ Pyrocliemischc Untersuchungen. Con- 
cerning its beliavioiir at 520° see Berthelot, Comp. Rcnd.^ 77 (1873), 1448; 
Bull. BOO. cliim, (2) 26, 101. 

2 Ann. des Mines, (viii.) 13 (1888), 274; Z, /. j^Tiys. Ohemie, 2 (1888), 
782 ; Nernst, Theoret. CheTn.,” 4th edit, p. 443. 

Trevor and Kartrights discussion of this matter was not available to me 
in the original {American Chem. Journ., 16, 782). For the use of Le Ohate- 
lier’s numbers in calculating the oxy-hydrogen cell, see Preuner, Z. /. jphys, 
Cliemie, 42 (1902), 50. 

^ Ann. Qhem. Fharm., 135 (1865), 94. 
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vols. of CO 2 [mean of 49 3 and 2 (23-1)] are present with 
151 vols. CO, lO'O vols. O 2 , and 2-3 vols. ISTg. If we assume 
that this composition represents the equilibrium condition, 


K 


JPCO2 


0-637 


: 8-7 


^ i?co X ~ 0-199 X 0-133i 

Le ohate- Le Chatelier concluded from Deville’s experiments that the 
degree of dissociation of the carbon dioxide at the hottest point 
Deviiie’a” of the flame amo-unted to — 

expert- 

kr. = 0-4 

CO-hCOa 


ments. 


giving an eq^uilibrium constant of 3’67. It is, indeed, very 
difficult to fix on any exact value of the (assumed) equilibrium 
in Deville’s experiments. That Le Chatelier had no better data 
at his disposal on ^vhich to base his calculations of the dissocia- 
tion, illustrates the paucity of our knowledge in this field. 

Yet the uncertainty regarding the value of the equilibrium 
constant itself is even less than the uncertainty regarding the 
temperature at which the equilibrium was established. Deville’s 
statements about the temperature at various heights places us 
in a most difficult position. In the upper parts of the flame 
where the temp>eratures are estimated with some definiteness, 
we are sure that there is no equilibrium, for the reaction 
velocity is not sufficiently liighd But in the lower parts of the. 

1 We know, for instance, that gold melts at 10G5° ± 10® according to 
the critical discussion of all measurements given by Le Cliatelier and 
Boudouard [“ Temperatures elev^es,” (1900), p. 81]. If, then, at the melting- 
point of gold tliore was observed to be present 0*2 pts. of CO, 28*1 pts. Oo, 
and 65*7 pts. No, this indicates that the dissociation is greater at this tempera- 
ture than Deville found it to be in bis previously mentioned experiments at 
1300°. If wo overlook the oxygen for a moment, and only observe that in 
the initial gas 64*4 c.c. CO was present to every 2*3 parts of No, while at the 
point under discuBsion (54 mm. from the mouth of the hurner) there is but 
0*218 c.c. CO, we see that more than 64*182 c.c. COy cannot be present besides 
this 0*218 c.c. CO- Actually the amount of carbon dioxide must bo much 
smaller, because, as the high content of the oxygen shows, a large part of the 
nitrogen comes from the air. Yet 0*218 c.c. CO to 64*182 c.c. COy would be 
more than would be x^ossible according to Deville’s results in his experiments 
with porcelain tubes, especially in the presence of much oxygen. It is not 
to be wondered that the equilibrium cannot keep pace with tlie falling 
temperature in the upper parts of the flame, when we remember that the 
flame-gases must have a velocity of about 10 m. per second at the mouth of 
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flame where the reaction velocity is probably great enough, the 
statements are not sufficiently precise to permit us to estimate 
the temperature with any accuracy. 

To fill this gap, Le Chatelier made use of some explosion Mallard 
experiments which Mallard and he had carried out with 
mixtures of carbon monoxide and oxygen. As mentioned in explosion 
the previous lecture, they exploded these mixtures in closed 
vessels, and measured the pressures developed by means of a 
registering manometer. In a series of six experiments they 
were able to depress the temperature of the explosion to as low 
as 2000° by the addition of large amounts of carbon dioxide. 

The addition of carbon dioxide also had the effect, through its 
mass action, of driving back to a minimum slight dissociation 
of the carbon dioxide already present. From these experiments, 

Mallard and Le Chatelier obtained 13*6 as the mean specific 
heat of carbon dioxide between 0° and 2000°, and by combining 
this value with Eegnault’s values at ordinary temperatures, 
they got the experimental formula for the specific heat of carbon 
dioxide given in the previous lecture. We will explain the 
relation between the maximum explosion pressure and the 
specific heat a little more minutely. If at the temperature The reia- 
Ta for every | mol of carbon monoxide and every J mol of ^Xyeen 
oxygen, z mols of a foreign gas are forced into the bomb, then explosion 
after the combustion there will be left f mol of carbon dioxide 
for every 2 : mols of the foreign gas. If the pressure of the gas explosion 
before the exjjlosion is jOa^ then after the explosion, and after all tura 
the heat generated has been dissipated, the pressure will be — 


1 + ^ 


the burner to permit a consumption of 47 c.c. a second. In the flame itself 
the cross-section of the hot mass is greater, but the volume, too, is much 
greater because of the higher temperature, and the air carried along with it 
increases it further. The velocity will therefore he of the same order of 
magnitude as at the mouth of the burner. Now, since the temperature in 
Deville’s flame evidently decreases hundreds of degrees per cm. rise, the 
equilibrium constant would have to change enough to correspond to a 
temperature change of several hundred degrees in a thousandth part of a 
second. According to the experience of Haber, Richardt, and Alliier, this 
cannot safely be assumed to take place at a temperature beneath 1600°. It 
may be that the reaction velocity of the formation of COjj is much higher than 
that of the water-gas reaction. But near the melting-point of gold both reactions 
are certainly slow. 

M 
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If the maximum pressure V was attained ^ during the explosion^ 


then — 

-P:p=:%:Ta 


where Te signifies the maximum temperature. 

rj, _ PT^ _ P ^ 1 + 2? 

—— — ■ 

R Pa 3 + ^ 


Thus we find — 

... (1) 


On the other hand, the tjuantity of heat Q is set free in the 
formation of | mol CO 2 from the | mol CO and J mol O 2 , and 
this heats the | mol CO 2 , together with the z mols of the 
foreign gas, from to Te. This yields the eq[uation — 

IQ = (§4 + ^^'^(Te - To) 


dj'y is here the specific heat of carbon dioxide, and c'^ that of 
the admixed foreign gas. If this foreign gas is simply carbon 
dioxide, as it was in Mallard and Le Chatelier’s experiments, 
the equation simplifies to — 

fQ=(t + ^WTe-T,) .... (2) 

Taken with (1) this equation permits us to evaluate Te and a,. 
The specific heat deduced in this way, is the mean specific 
heat per mol CO 2 at constant volume between the temperatures 
Ta and Te. 

Mallard and Le Chatelier carried out four other experiments 
at temperatures where the dissociation had become perceptible. 
In one they added a given relatively small quantity of carbon 
dioxide as a foreign gas, in a second tliey added carbon 
monoxide, and in a third nitrogen. In a fourth decisive 
experiment they took j)ure carbon monoxide and oxygen in 
equivalent amounts, no foreign gas being present except 1*2 
vol. water-vapour to every 100 vols. of the explosive mixture. 
At these temperatures, the calculation is somewhat different. 
Only the fraction x of one volume of the explosive mixture 


^ More accurately, we cannot call the observed maximum pressure the 
real maximum pressure without making a correction for tliat little heat which 
is radiated to the walls of the vessel during the combustion. Mallard and 
Le Chatelier estimated this correction in a very roundabout way to be 4 per 
cent. The highest pressure obser-ved, increased by 4 per cent., then repre- 
sents the maximum pressure P used in the above questions. Fliegner 
believed this correction to be an entirely mistaken one (see his criticism 
previously mentioned, p. 123). 
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now combines at the highest temperature, while 1 ~ a* vol. The 
remains dissociated. If we imagine the ^as to be cooled down 
to Ta Without any change in the degree of dissociation, then the explosion 
pressure p after the explosion is now connected with the initial 

pressure by the equation — degree of 

I JL^ ^ lx dissocia- 

P==Pa tioD. 


This follows from the fact that if nx mols of carbon monoxide 
plus I mol of oxygen disappear, § mol carbon dioxide is formed. 
The relation of maximum pressure to ma^miim temperature is 
then given by — 


1 + z 


(la) 


and the equation connecting the quantities of heat becomes — 


■I^^Q = 1(1 - x)c: + + ixc.r\{% ^ T«) . (2a) 


Here is the specific heat of the explosive mixture of carbon 
monoxide and oxygen, c/' the specific heat of the foreign gas, 
and Co " the specific heat of carbon dioxide, all between the 
temperature Te° and Ta°, and at constant volumes. Knowing 
d/, and we can calculate the value of x, the degree of 
the combination’’ of the carbon monoxide and oxygen.^ 

When Mallard and Le Chatelier came to make their calcu- 

1 This, however, is by no means unconditionally true. If we combine 
eciuation (la) and (2a), then, knowing - , T«, Q, and tlie speciSc heats, we 

obtain a cubic equation for T,. But this cubic equation does not always liavo 
a root which will satisfy (la) and (2a). The following is an illustration of this. 
In Mallard and Le Chatelier’s final experiment was k (water-vapour) = 0*012, 
P 

= 9*95, and T« = 273. If we call Q at ordinary temperatures equal to 

68 , 000 , and introduce the specific heats at constant volume between 0 ° and 
as determined by Mallard and Le Chatelier in their experiment witli the 
crusher manometer, 

Cv (permanent gas) = 4*76 4 - 0*00122^ 

Cy (HijO vapour) = 5*78 *f 0*002 86 if 
Ci, (carbon dioxide) = 6*5 + 0*00387^ 

we get the cubic equation for Centigrade temperatures 

- 1156*7^2 24,743,970if + 62,507,297,500 = 0 

One will try in vain to find a value of t which will satisfy this equation 
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lations, they were apparently confronted with a serious difficulty. 
Their experimental formula for the mean between 0~ and 2000° 
specific heat of carbon dioxide, based on the above-mentioned 
data of Eegnault and Wiedemann at ordinary temperatures and 
on their own ''undissociated explosions’' at 2000°, was their 
sole means of calculating the specific heat at these very much 
higher temperatures. That is, they must extrapolate without 
having a sufficiently precise basis to work from. They dis- 
cussed no less than five possible formulse^ for the mean 
specific heat of carbon dioxide between 0° and f at the constant 
volume. These were — 

6-3 + 0-00564/ - 0-00000108/2 
6-3 -f 0-006^ - 0-00000118/2 
6-26 + 0-00367/ 

4-74 X (T X 10~2):l 
4-33 X (T X 10'2)0'3^^ 

They chose the last. 

Since the amount of water-vapour present was small, it 
mattered little what value was selected for its specific heat. The 
specific heat of the carbon monoxide- oxygen mixture is that of 
all permanent gases. Mallard and Le Chatelier used the formula 
4*8 + 0 006/ (mean specific lieat at constant volume between 
0 and f) to express the results of their varied observations. 
Extrapolating on this basis, Mallard and Le Chatelier came to 
the conclusion that the temperature in the explosion experiment, 
where 1*2 vols of water-vapour was mixed with 100 vols. of 
CO 4- JO 2 was 3130° C., and that the degree of combination 
was 0*61. The degree of dissociation was therefore 1 ~ 0*61, or 
0*39. We should remember, too, that the maximum pressure 
was some 10 atmospheres. 

Le Chatelier returned to these old numbers when he came 
to study dissociation pjhenomena. In the mean time ^ lie had 
discovered the remarkable fact that it was possible to express 
the specific heats per mol of the most diverse gaseous systems 
at constant pressure, at least approximately, by the formula — 

= 6*8 + a(t + 273) = 6*8 -f ' 

1 Compt Eend,y 93 (1881), 1014*, Ami, des Mines, 4 (1883), p. 524: ibid,. 
pp. 625 and 626. 

2 Compt Mend,, 104 (1887), 1780. 
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Le Cliatelier puts the coefficient ci at zero for permanent gases, 
and at 0’0072 for carbon dioxide. It follows from this assump- 
tion that the mean specific heat per mol of carbon dioxide at 
constant x^ressure is — 

= 6-8 + 0-0036T 

where 6*8 is taken as the specific heat of all permanent gases at 
constant x^ressure. Le Chatelier appends the remark that one 
may express the true specific heat of the permanent gases by — 

= 6-5 + 0-0008T 

and hence that of carbon dioxide by — 

= 6-5 + 0‘0044T 

However, he laid no stress on this remark, but took the 
specific heat of the permanent gases as constant, and hence 
the specific heat of carbon dioxide as 6*8 + 0‘0036T. He has 
evidently computed the earlier experiments of Mallard and 
himself on this basis, for he now remarks that the degree of 
dissociation comes out as 0‘34, and the temxoerature as 3300'^ C. 

From all the facts, Le Chatelier concludes that the tempera- xjncer- 
turc of Deville’s flame was 3000° C. It is imxoossible to tell 
whether this is merely a rough estimation, made by subtracting lier’s esti- 
10 per cent, from the explosion temxoerature of 3300°, or not. 

There are three aspects of the matter to be considered — 

(1) Though we admit that the whole method as described (i) The 
is capable of yielding correct values for the temperature and 
the degree of dissociation, it still does not follow that the the cquili- 
degree of dissociation found represents equilibrium conditions. 
According to Mallard and Le Chatelier, the explosion experi- tain, 
inents with oxy-hydrogen mixtures in closed vessels show 
absolutely no dissociation. Even if we find dissociation to 
take place in the carbon monoxide- oxygen explosions, we 
cannot be quite sure that this dissociation corresponds to the 
formula — 

C0 + 0^C02 

The formation of carbon dioxide from carbon monoxide and 
oxygen seems to proceed in several stages, just as the formation 
of water from the elements does. The fact that a dry mixture 
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of carbon monoxide and oxygen does not explode/ and the fact 
that the velocity of propagation of the explosion wave in a 
mixture of carbon monoxide and oxygen is strongly affected by 
the presence of water-vapour, support this view. It is reason- 
able to suppose that a reaction of this kind taking place in 
several stages might yield different results in an explosion bomb 
than it would in a freely burning flame. The pressure and the 
velocity with which the explosion is propagated are constant in 
the inner cone of the flame, but variable in the explosion bomb. 
So long, therefore, as we know nothing further about these 
circumstances, we cannot be sure what equilibrium temperature 
we are to assign to the samples of gas which Deville drew off 
from the hottest part of his flame. 

(2) If we overlook the above objections, we may still ask 
whether or not the maximum temperature calculated from the 
pressure developed in any explosion is directly comparable with 
the temperature prevailing in a stationary flame. The extreme 
temperature which we compute from our pressure measurements 
is the average of the temperatures prevailing in all parts of the 
explosion bomb, and they will be widely different. In explo- 
sions where no dissociation ensues, we may, of course, take this 
average temperature as a true homogeneous temperature without 
limitations. But in explosions which give rise to dissociation 
the case is different, at least where we come to calculate the 
maximum temperature and the degree of dissociation in the 
above-mentioned way. For the degree of dissociation does not 
change in so simple a way with the temperature, nor in so 
slight a measure as do the specific heats. So this uncertainty 
is bound to creep in when we try to estimate the temperature 
of Deville’s flame from explosion experiments in a bomb. 

(3) Aside from (1) and (2) there still exists the question 
whether enough allowance has been made for the effect on the 
combustion zone of the thick, cold silver tube running right 
across Deville’s flame. It is a well-known and fundamental 
experiment in the theory of illumination that a cold vessel 
when introduced into a luminous hydrocarbon flame makes 
it n5n-luminous, because it cools it off. If a basin with a flat 
bottom be filled with water and brought into a Bunsen flame, 

^ Dixon, Fhil. Trans., 175 (1884), 630 ; M. Traube, Ber, d, d. Ohem. Oes. 
15 (1882), 666 ; Dixon, Joum. Ghem. 8oc., 49 (1886), 95. 
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we can actually see the cooling effect, for the flame never 
touches the bottom of the basin, the gases being so strongly 
cooled that they cannot unite.^ 

This cooling effect would be immaterial in our case if we 
could assume that the reaction in the hottest zone progressed 
instantaneously to equilibrium. But no matter how great a 
velocity of chemical combination we assume at that point, it 
can never be so great that a massive and cold body will not 
have time to absorb some heat from the gases during the 
reaction, and so lower the temperature of the combustion. We 
must admit that this cooling effect amounts to less in this 
particular case than it would in a flame where the dissociation was 
less (GO and air, for instance), because the recombination of the 
gases on cooling yields fresh heat, and so acts like a brake on the 
falling temperature. But this objection, nevertheless, increases 
the uncertainty regarding the temperature of Deville’s flame. 

Not long after his computations of dissociation, Le Chatelier Le Chate- 
obtained new values for the specific heats at constant volume 
from his experiments with the crusher manometer. These in regard 
seemed better suited as a basis for calculating the dissociation 
of carbon dioxide than previous ones.^ In the experiments 
mentioned above, dissociation became appreciable at 2000°, but 
the high pressures in the crusher manometer prevented any 
dissociation taking place even at very high temperatures, and 
this allows us to extend our calculation of the specific heats 
over a much longer range. However, Le Chatelier does not 
seem to have undertaken a recalculation using these new values. 

After he had made a final revision of the specific heats of gases 
in the light of his theory that at constant pressure the specific 
heats of gases should all converge towards 6*5 at absolute zero, 
and had expressed the specific heats of carbon dioxide and the 
permanent gases as 

Cp(co2) ^ 6*5 4* 0*0037T 

^Kperm. gases) = 6*5 + 0-0006T 


1 Haber, Habilitationsscbrift ” (Municb, 1896), published by Oldenbourg, 

1896, sec. 3. “ Ueber die Verbrennung an gekuiilten Flachen.” 

2 We must indeed admit that the accuracy of these measurements all 
depends on how well we can separate the static pressures we are looking for 
from the effect of sudden impacts. For the theory, and a more detailed 
explanation, see the Sixth Lecture. 
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he apparently never returned to the (Question of how much 
carbon dioxide is dissociated at high temperatures. 

We have mentioned yet a third method of measuring the 
dissociation of carbon dioxide, namely the determination of its 
density at high temperatures. Dissociation increases tlie volume, 
and therefore decreases the apparent density. It is not easy to 
carry out accurate density determinations at high temperatures. 
It is nnich easier to observe the dissociation by some such 
arrangement as Deville used at 1300°. We are not, therefore, 
surprised that neither Bdttclier,^ worhing at 1400° nor Crafts at a 
somewhat higher temperature, were able to detect any dissocia- 
tion of carbon dioxide. Victor Meyer and Langer {l,o) then 
repeated the density determination at 1690° in platinum vessels. 
They, too, found nearly the normal density- They express 
surprise that Deville had found an appreciable dissociation at 
1300°, and mention that Victor Meyer and Zliblin^ had con- 
firmed the experiment of Deville, and considered it contradictory 
that the dissociation should he percepjtible in a porcelain tube 
at a temperature as low as 1300°, l)ut still could not be clearly 
detected in density determinations of carbon dioxide. They 
believed the explanation to lie in an observation of Menschutkiii 
and Konowalow,^ according to which certain organic vapours are 
more dissociated in the presence of asbestos and rough glass 
surfaces than in their absence. This explanation rests upon a 
misunderstanding. The rough solid substances do indeed hasten 
the 'proms of dissociation, but they do not alter the (h(jra of 
dissociation. The only way in which we could imagine them 
to have any effect in the present case would be to assuiuo that 
by their aid eq[uilibrium can be reached at 1300° in Deville’s 
rapid current of gas, while without their aid it is not established 
in a platinum vessel heated to 1690° for a much longer time. 
Yet this is extremely improbable. The natural explanation is 
rather to he found in the formula representing the reaction 
energy of the formation of carbon dioxide — 

A = Qo - o-'„TZ? 2 .T - - Em— + const. T 

^ JPco X 

1 Dissertation, Dresden, 1900; ‘‘Ueber die Disso yiatioris tempera tn to ri 
cler Kolilensaure und des Schwefelsiiureanhydrides.” 

2 I have been unable to find any more extensive mention of tlie matter. 

3 BerL Ber., 17, 13C1. 
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^ich, for equilibrium when A = 0, becomes — 

— cr'^lnT — a-"T + const. 

^ we substitute mimerical values derived froirL“Deville’s ex- 
^1‘iments, we find that the density determinations at atmo- 
Plieric pressure should show no evidence of dissociation. The 
^ihperature of the flame was 1300° (1573° abs.) and we cal- 
"^lated to be 1*58 X 10^ Substituting the values for the 
Pecific heats at constant pressure which Langen obtained from 
observations of explosion pressures (recalculated for constant 
^^essure), and taking the heat of reaction at ordinary temper- 
atures and at constant pressure to be — 

CO + iOa == CO2 + 68,000 cal. 

ve obtain for the difference between the specific heats of factors 
»^xid x’)roducts — 

CO = 6*45 4- 0-0006T 
iOa = 3‘23 + 0-0003T 

9*68 + 0-0009T 
CO2 = 7*26 + 0-0026T 

2-42 - 0-0017T 

and hence for Qo the value 67,440. Inserting these values, we 
get with the help of Deville’s observation — 

67 440 

4*56 logio 15,800 = - 2*42;7il573 + 0*0017 x 1573 

4 const (3) 

from which we find that the constant has the value -8*59. 
Taking this result and then calculating the value of when 
t = 1690°, or T = 1963° abs., we get^ 

67 440 

4*56 logio ^ ^ 2*42^711963 4 0*0017 x 1963 - 8*59 

or = 231. It follows from this that the carl)on dioxide 
ought to be about 3 per cent, dissociated at atmospheric pressure. 
I3ut V. Meyer and hanger’s experiments deviate among them- 
selves by as much as 2 to 3 per cent., and are hence unsiiited 
to show dissociation of this amount. One must also keep in 
mind that observations of dissociation in j)latinum vessels at 
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these temperatures may well give rise to fictitious results, for 
platinum at a white heat is not indifferent towards oxygen, and 
it might easily remove a trace of oxygen which was formed, 
and so conceal any change of density due to dissociation. 

IsTernst ^ has measured the density of carbon dioxide at still 
higher temperatures. He worked at 1973° in an iridium vessel 
in the presence of air. The dissociation calculated by the above 
formula should be 13 per cent., but the presence of the air 
drives it back. Nernst's results show that the dissociation is 
certainly not very large, Nothing more definite can be deduced 
from them. 

In the above discussion of the data on which a calculation 
of the dissociation of carbon dioxide at different temperatures 
may be based, we introduced and evalued a formula different 
from that which Le Chatelier had used. He started from the 
conception that the mean specific heats at constant pressure 
had the following values : — 

Permanent gases = 6*8 
Carbon dioxide = 6*8 4- 0*0036T 

This leads to a difference between the mean specific heats of 
factors and products of — 

3*4 - 0-0036T 


and taking the heat of reaction at ordinary temperatures 
Q = 68,000 cal., it follows that the heat of reaction at absolute 
zero would be — 


and hence — 

EfeKp = 


Qo = 67,300 ; 


3 . 4 M + 0-0036T 4- const. . 


( 3 ) 


Le Chatelier now brings 'in his assumption that the degree of 
dissociation in DeviUe’s experiments was 0*4 at eq[uilibrium and 
under atmospheric pressure, and that the temperature was 3000°. 
We have already seen that this is ec[uivalent to fixing 3*67 as 
the value of the equilibrium constant. He then gets — 

4-56 log 3-67 = - 3-4 x 2-3 log 3273 + 0-0036 x 3273 

4- const (4) 

^ Z, /. Ehhtrocb^mdej 9 (1903), p. 625. 
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from which it follows that 

constant = —2*28. 

Taking this value of the constant to calculate the equilibrium 
at 1300° (1573° abs.), we obtain — 

4-56 log Kj, = - 3-4^511573 -|- 0-0036 X 1573 - 2-28 

and hence — 

Kp = 4*37 X 10^ 

Before, we saw that, according to Deville’s observation — 

< 1*58 X 10^ 

This discrepancy between the equilibrium constants involves 
no inconsiderable disagreement in the degrees of dissociation 
calculated from them. At such slight dissociation, where the 
partial pressure of the carbon dioxide is very nearly equal to 
the total pressure P of the gas mixture, we may write without 
appreciable error — 

= L = K 

l>coXpl^ 

But since, when carbon dioxide dissociates, oxygen and carbon 
monoxide are formed in the ratio of 1 to 2, this goes over into — 

P 


K, 


=pco 


Finally, under one atmosphere pressure we get- 


It is easy to see that the partial pressure of the carbon monoxide 
is but half as large as Deville found it, if Kp equals 4*37 X 10^. 

Making use of Le Chatelier’s assumption, we compute the 
following values of the equilibrium constant and the degree 
of dissociation, for a number of temperatures and pressures : — 


1 

' t 

\ 

\ 

T 

K, 

Degree of dissociation. 

Total 

pressure 

atmos. 

1 : 1300 

1573 

4-37 X 104 

1-0 X 10 - 3 ( 0-3 X 10 ” 2 ) 

1 

2 1 1500 

1773 

4*48 X 10 -'» 

0-4 X 10 - 2 ( 0-8 X 10 - 2 ) 

1 

3 ! 2000 

2-273 

1*07 X 10 ‘^ 

0-3 X 10 - 1 ( 0*35 X 10 - 1 ) 

0 

4 1 3000 

3273 

3 *r >7 

0-4 ( 0 - 4 ) 

1 

5 3300 

3573 

2-20 

0*28 ( 0 - 27 ) 

10 
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The numbers added in brackets are the values as calculated 
by Le Chatelier. The discrepancy between our values and his, 
which is especially marked at low temperatures, is due to a 
mistake in Le Chatelier’s calculation. 

The last three values of the above five agree satisfactorily 
with the estimations or calculations which Le Chatelier made 
on the basis of his explosion experiments, carried out in col- 
laboration with Mallard. The small value at 1500^ agrees with 
the fact that the density at that temperature is normal. It is 
impossible to say whether the values for 1300° are in agree- 
ment with experiment or not, for Deville’s determinations of the 
degree of dissociation in the porcelain tube at this temperature 
are too uncertain. We cannot, therefore, come to any decision in 
the matter till Deville’s experiments are repeated more carefully. 
At present it seems probable that the dissociation at 1300° is 
greater than it should l)e according to Le Chatelier’s formula. 

Our opinion regarding Le Cliatelier’s calculations differs 
according to whether we view them from a theoretical or a 
practical standpoint. One must admit that the whole complex 
of phenomena above 2000°, which Le Chatelier has treated so 
ably, is affected with a very considerable uncertainty as regards 
the true temperature. It is quite possible that the equilibrium 
condition which Le Chatelier assumes to exist at 3000° may 
actually belong to a temperature different by some hundreds of 
degrees. Yet there exist no observations which permit any 
improvement on Le Chatelier’s assumption regarding these 
extreme temperatures. 

If we now look at the technical side of the matter, par- 
ticularly as to what temperatures can be attained by burning 
carbon monoxide, and what limits the dissociation of carbon 
dioxide sets to the use of carbon monoxide for heating purposes, 
the above uncertainty does not trouble us greatly, and the 
formula given by Le Chatelier certainly yields an amply satis- 
factory answer. This is due to the fact that the dissociation 
below 1700° G. is small anyway under working conditions, and 
even an uncertainty of 100 per cent, in its evaluation would he 
quite immaterial. Above 1700°, conditions are a little different. 
But the demands of accuracy which technicians make become 
smaller the farther we go above this temperature. Up to 1700° 
the degree of dissociation at partial pressures of carbon dioxide 
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between 0*1 and 0*2 atmosphere is practically all that interests 
us technically. This degree of dissociation limits the maximum 
temperature which we can attain by burning our ordinary 
heating material with a barely sufficient air supply and at 
ordinary pressures. The partial pressure of carbon dioxide 
attainable in flue gases depends stoichiometrically upon the 
composition of the combustible substance. In the combustion 
of pure carbon it reaches a pressure of 0*21 atmosphere, since 
each of the 21 volumes of oxygen contained in 100 volumes of 
air can be replaced by 1 volume of carbon dioxide.^ The 
attainable partial pressure of carbon dioxide is less in the com- 
bustion of substances containing hydrogen. For instance, in the 
combustion of illuminating gas where some 2 c.c. of water- vapour 
are formed for every 1 c.c. of CO 2 , 100 c.c. of air can, at most, 
contain 10^ c.c. of CO 2 and 21 c.c. of water- vapour to every 
79 c.c. of nitrogen. The partial pressure of the carbon dioxide 
10*5 

cannot then exceed or, in round numbers, 0*1 atmosphere. 

The dissociation corresponding to this partial pressure is very 
small below 1700^^. Smaller partial pressures, where the dis- 
sociation has a greater percentage value, need not be considered, 
because they are occasioned by the jmesence of an excess of air, 
and the greater this excess is, the less important for several 
reasons does dissociation become. In the first place, the excess of 
air drives back the dissociation because of the oxygen it contains. 
In the second place, as long as the flue gas contains but little 
carbon dioxide the temperature reached must remain low, for 
the large mass of the diluting gas must be heated by the heat of 
combustion. The lower the temperature, the smaller tlie dis- 
sociation will be ; that is, the direct cooling effect exerted by 
diluting with a quantity of air far exceeds, up to 1700°, the 
indirect heating effect arising from the decreasing dissociation. 

It is equally true that the degree of dissociation (up to 1700°) 
does not come into play in combustion in explosion engines. For 
there the total pressure is much greater than an atmosphere, and 
consequently the partial pressure of the CO 2 is higher, and the 
percentage dissociation smaller. Indeed, Langen could detect no 
evidence of dissociation up to 1700° in his explosion exxDeriments. 

1 Compare Bunte’s “ Heizlehre,” in Musiuatt’s ‘* Technischer Chemie,” 
4 th edit. (Brunswick, 1893), p. 314. 
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Now, all teclinical processes of combustion occur in the 
temperature interval below 1700° 0., with the exception of the 
processes taking place in certain zones of the blast furnace. 
No illuminating flame, except that of acetylene, greatly ex- 
ceeds this temperature. If we would attain temperatures 
much higher than this in combustion processes, and make any 
calculation about them, we are also obliged to take into con- 
sideration the fact that loss of heat through convection and 
radiation increases rapidly with rising temperature. The 
uncertainties which these factors introduce into the calculations 
thus become so great that any uncertainty about the degree of 
dissociation does not make much difference. We can, therefore, 
get along satisfactorily enough in this whole field by means of 
Le Chatelier’s formula. 

Our appraisal of the value of this formula from a theoretical 
point of view is a very different one. In the first place, the 
formula assumes cr", the difference between the increments 
of the specific heats of 1 mol CO plus J mol O 2 and 1 mol 
CO 2 , to be 0*0036, and this is not satisfactorily confirmed by the 
experimental data we possess for temperatures up to 2000°. If 
it were not for the calculations and observations of Le Ohatelier 
on the explosion of mixtures of carbon monoxide and oxygen, 
and for the experiments of Deville with his flame, one would 
certainly prefer formula 3, based on Deville’s experiments in 
porcelain tubes and Langen’s explosion experiments, as best 
expressing the reaction energy of carbon dioxide formation. But 
we can easily convince ourselves that its use for temperatures 
much above 2000° is precluded, unless we are willing to assume 
that the dissociation which Le Ohatelier calculates for 3000° 
really existed some 700° lower. An error of this magnitude 
seems, however, out of the question. If, instead of Langen’s 
specific heats, we choose those determined by Mallard and Le 
Ohatelier from *their observations with the crusher mano- 
meter at much higher temperatures, we get 

A = 67,200 - 3-28mT+ 0-00204T2- Em— - 2-8T (5) 

Here again Deville's experiments in porcelain tubes are 
assumed as correct. We can bring this formula, too, into 
harmony with what little we know about the dissociation up to 
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2000°, but we then find the equilibrium constant is equal to 3‘67 
at 2300°, which, again, is a temperature very different from that 
required by Le Chatelier’s formula. Under these circumstances, 
we will retain Le Chatelier’s formula 4, but to its numerical 
evaluation we will add such figures as result from formulae 
3 and 5. We shall see that the special application which we 
shall make will not be much affected by this difference. 

A further deduction may be made from the formula repre- Case II. 
senting the formation of carbon dioxide, by combining it with ^ation^of 
our previous formula for the water-gas equilibrium. If we water, 
write — 

CO -f- 0 = CO 2 “1“ A 
and CO 2 + H 2 = CO + H 2 O + A' 

and add the two, we get — 

0 4" II 2 = H 2 O -}- A 4" A^ 

that is, we get the energy of formation* of water A" by adding 
tlie reaction energies of the water-gas reaction and of the forma- 
tion of carbon dioxide. This gives us — 

A = 67,300 - 3-4 TlnT + 0-0036 P - - 2-28T 

2>co Xp*o., 

A' = - 9,650 + l-55mr - 0-00195'P - 
Pco-2 Xpir, 

A" = 57,650 - l-85mT + O'OOieST^ - Em _ 2'28T 

FlhXpl, 

This expression assumes a difference between the mean 
specific heats at constant pressure between 0° and T° of — 

^(H2+io2) = 1*85 — 0’00165T 

This value is somewhat different from that usually given for 
the specific heats of water- vapour and the permanent gases.^ 

^ For instance — 

I. Mallard and Le Chatelier (old values) — 

11 mol permanent gases 9*93 + 0*0009T 

1 mol H 2 O vapour 6*69 + 0-00328T 

3-24 - b‘0023T” 

IT. Mallard and Le Chatelier (crusher manometer) — 

H mol permanent gases 9-21 + 0-()0183T 

1 mol HgO vapour 6*98 + 0*00287 T 


2*23 ~ 0-00104T 
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There is but little experimental data at our disposal with 
which we may test it. There are measurements of the 
reaction energy of the formation of water made with the oxy- 
hydrogen cell. Victor Meyer and Langer have also observed 
that water- vapour shows a barely perceptible dissociation at 
12 00'", while Nernst, working under the same conditions as 
with carbon dioxide, could detect no certain variation of the 
density of water-vapour from the normal at 1973°. Patting 
A" = 0 and calculating the equilibrium constant for 1473° abs. 
and 2246° abs., we find — 

Kkuv3°) = 4-6 X 10' (1*8 X 100 [22 X 10^ ^ 

Kk2246C) = 654 (146) [148] 

Since in both cases observations were made at atmospheric 
pressure, it follows, from the formula developed for the case of 
carbon dioxide — 



that the partial pressure of the hydrogen is about 1 x to 
2 X 10"^ atmospheres at 1473° abs., and about 0*025 atmo- 
sphere at 2246° in ecpilibrium. The first number corresponds 
to between 1 J to 3 c.c. of hydrogen and oxygen to 10 litres of 
water- vapour. Victor Meyer and Langer state that on passing 


III. Le Chatelier (latest values) — 


mol permanent gases 

1 mol HgO vapour 

... 9-75 + 0 0009T 

... 6-5 + 0-0024T [ 

IV. Langen — 

3*25 - 0 0015T ' 

1 J mol permanent gases 

1 mol HgO vapour 

... 9-93 + 0-0009T | 

... 7-29 + 0-00215T I 

V. Langen (Schreber’s recalculation) — 

2-64 - 0-00T25T ^ 

1 J mol permanent gases 

1 mol H 2 O vapour 

... 9*88 -f 0-0008T 
... 8-82 + 000116T 


1-06 - 0-06036T 


^ TJie unbracketed value results directly from our formula. If we use 
formula (3), p. 170, in deducing the equation for the formation of water- 
vapour, instead of Le Chatelier’s formula (4), p. 170, we get the values 
enclosed in parentheses. The values included in brackets are derived by 
use of expression e, p. 133. 



REACTIONS WHERE NO, OF MOLECULES CHANGES 177 


a rapid stream of Avater-vapour for a long time through a 
platinum tube heated to about 1200° C., they collected several 
c.c. of an exj)losive gas. This seems to agree with the require- 
ments of the formula. The second number corresponds to a 
dissociation of 2*5 per cent., which is within the limits of 
accuracy of Nernst's vapour-density measurements.^ 

In regard to the oxy-hydrogen cell, Ave should first point out 
that our formula for the reaction energy would give for 25° the 
value — 

A = 57,650 - 3670 - R x 298/^ —-^ - ^° - , - 

.PHo X fly;, 

= 53,980 - ll X 

J’ir2 X 2A> 

Bose ^ has studied the oxy-hydrogen cell at 25°, using the gases 
under atmospheric pressure. The vapour pressure of his 
electrolyte can be considered as equal to that of pure Avater. 
Tlien— 

-E298 X In-^U = +2029 cal. 

Plf., X j>h, 

and our formula would lead us to expect that A = 56,020 
cals. Bose found 52,654 ± 693 cal. The discrepancy is large. 
While Bose found the electromotive force of the oxy-hydrogen 
cell to be 1*1392 ± 0*0150 volt (at 760 mm. pressure and' 
25°), he should have found, according to our formula, 1*212 
volt.^ I would, however, not lay too great stress on this 

1 A.W. V, Hofmann {Berl Ber., 23 (1890), 2, 3314), reports to the effect that 
wliena very strong current of water- vapour is forced rapidly through a white- 
hot platinum spiral, one can collect, in a few seconds, enough of a mixture of 
oxygen and hydrogen to almost break the eudiometer when it explodes. 
From our formula we should expect a litre of Avater-vapour to contain 20 c.c. 
of the oxy-hydrogen mixture at 1723° and at atmospheric pressure. It does 
not greatly matter wliich of the three formulae above mentioned for the 
reaction energy of formation of 00 ^ we use. 

Z.f, phys. Ohem.y 34 (1900), 701, and 38 (1901), 1, where extended 
references to the literature will be found. 

2 If instead, we use equation (c), p. 133, Avhich is based upon Langen’s 
specific heats and Deville’s experiments in tubes, we get l*208ivolts. If wo 
use equation (<?), p. 133, based on Le Chatelier’s experiments with the com- 
pression manometer, and on the similar experiments of Deville, we get 1*227 
volts. 
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divscrepancy of 80 millivolts. It is very possible that Bose’s 
value is too low. It should be pointed out that Smale found 
1*073 volts for the oxy-hydrogen cell, and this was generally 
accepted until Czepinsky, Bose, and Crotogino obtained higher 
values, those of Bose’s being the most carefully determined. A 
further elevation of the value by some centivolts does not seem 
improbable when we remember that the oxy-hydrogen cell is 
not completely understood, at least as far as the oxygen elec- 
trode is concerned. There is no proof whatever that a platinized 
platinum electrode is in equilibrium with the oxygen in an 
electrolyte saturated with oxygen at atmospheric pressure. 
According to L. Wohler,^ platinum black is nofc pure platinum, 
but rather a lower hydroxide of platinum of whose electromotive 
properties we know nothing. It may well be inherent in the 
nature of this electrode that in the presence of oxygen it be- 
haves as a not quite saturated solution of oxygen would, and 
therefore always gives too small an electromotive force for the 
oxy-hydrogen cell. Abegg and Spencer ^ have shown that it is 
impossible to get any other value with platinized platinum than 
that of Bose. But their interesting investigation still leaves 
open the possibility that the properties of the platinum black 
affect the value obtained. 

On the other hand, we must not fail to recognize that the 
calculation of the reaction energy at 25° by the help of our 
formula leads us far from the region in which the observations 
underlying the formula were made. The fact that the tem- 
perature lies far below the critical temperature of water- 
vapour, and that we are therefore in a region where the specific 
heats exhibit the irregularities to which we have previously 
referred, is especially misleading. It therefore seems desirable 
to test the formula by measurements of the oxy-hydrogen 
cell at, much higher temperatures. Haber and Bruner^ have 
done this, using molten caustic soda as an electrolyte. They 
found — 

1 BerJ, Ber.^ 36 (1903), 3476; and Z. f, anorg, CJiem.., 40 (1904), 
423. 

^ Z.f. anorg. Ohem., 44 (1905). 

^ Z.f. Elehtrochemie^ x. (1904), 697. 
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o 

TO 

EMIv 

volt. 

A" 

cal. 

A" calculated by our fonmila.i 

312 

585 

1*24 

57,313 

49,993 - 2668 logw — 

412 

685 

T15 

53,153 

48,600 - 3124 logW 

“ Ph2 X pL 

532 

805 

1-03 

47,r.07 

46,933 - 3671 logi» — 

° Ph,xpL. 


The oxygen and hydrogen were at very nearly atmospheric 
pressure in these experiments, and consequently the denominator 
of the logarithmic term may be put equal to unity. The vapour 
tension of water over molten caustic soda is not sufficiently 
well known to allow us to compare calculation and observation 
as closely as we would wish. We can only say that our formula 
seems to give relatively good values when we compare them 
with the results of these experiments. The intimation is thus 
supported that the true values of the oxy-hydrogen cell lies 
even higher than Czepinsky and Bose have found it.^ 

The simple fundamental cases of the dissociation of water 
and of carbon dioxide have been but slightly investigated, and The 
the expressions for their reaction energy consequently possess SuSo 
less certainty than we would wish. We will, nevertheless, risk procosB. 


1 Taking the carbon dioxide equation (e), on p. 1.^3, as the basis of onr 
formula, we obtain the values — 

45,620 at 312° 

43,230 at 412° 

40,330 at 532° 

2 To prevent misunderstanding, I should like to call attention to the fact 
that the correctness of any value obtained for the electromotive force of the 
oxy-hydrogen cell cannot he tested by seeing whether the quantity A" fulfils 
tlie condition (p. 22) that — 

A"-T^.Q 

This relation always holds wherever water is formed reversibly. Whetlier 
the electrodes are in equilibrium with oxygen and hydrogen at atmospheric 
pressure remains entirely indeterminate. If the condition of the electrodes 

dA. 

corresponds to a lesser gas pressure, A" comes out smaller, but T is just as 

much larger, and vice versa. Subsequent investigation lias confirmed this 
conclusion. See Appendix to Lecture VIl. 
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discrepancy of 80 millivolts. It is very possible that Bose’s 
value is too low. It should be pointed out that Smale found 
1’073 volts for the oxy-hydrogen cell, and this was generally 
accepted until Gzepinsky, Bose, and Crotogino obtained higher 
values, those of Bose’s being the most carefully determined. A 
further elevation of the value by some centivolts does not seem 
improbable when we remember that the oxy-hydrogen cell is 
not completely understood, at least as far as the oxygen elec- 
trode is concerned. There is no proof whatever that a platinized 
platinum electrode is in equilibrium with the oxygen in an 
electrolyte saturated with oxygen at atmospheric pressure. 
According to L. Wohler,^ platinum black is not pure platinum, 
but rather a lower hydroxide of platinum of whose electromotive 
properties we know nothing. It may well be inherent in the 
nature of this electrode that in the presence of oxygen it be- 
haves as a not quite saturated solution of oxygen would, and 
therefore always gives too small an electromotive force for the 
oxy-hydrogen cell. Abegg and Spencer ^ have shown that it is 
impossible to get any other value with platinized platinum than 
that of Bose. But their interesting investigation still leaves 
open the possibility that the properties of the platinum black 
affect the value obtained. 

On the other hand, we must not fail to recognize that the 
calculation of the reaction energy at 25° by the help of our 
formula leads us far from the region in which the observations 
underlying the formula were made. The fact that the tem- 
perature lies far below the critical temperature of water- 
vapour, and that we are therefore in a region where the specific 
heats exhibit the irregularities to which we have previously 
referred, is especially misleading. It therefore seems desirable 
to test the formula by measurements of the oxy-hydrogen 
cell at. much higher temperatures. Haber and Bruner^ have 
done this, using molten caustic soda as an electrolyte. They 
found — 

^ JBerJ. Ber.^ 36 (1903), 3476; and Z. f. anorg. 40 (1904), 

423. 

^ Z,f, anorg. Cliem.^ 44 (1905). 

^ Z.f. Elehtrochemie^ x. (1904), 697. 
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1 A" calculated by our fonmila.i 

312 

585 

1-24 

i 

57,313 

1 

49,993 - 2668 logw — ^'-‘52-V 

I ’ ° X 2^1)2 

412 

685 

1-15 

53,153 

48,600 - 3124 log'» 

532 

805 

1*03 

47,007 

46,933 - 3671 log” 

Ph, X 


The oxygen and hydrogen were at very nearly atmospheric 
pressure in these experiments, and consequently the denominator 
of the logarithmic term may be put equal to unity. The vapour 
tension of water over molten caustic soda is not sufficiently 
well known to allow us to compare calculation and observation 
as closely as we would wish. We can only say that our formula 
seems to give relatively good values when we compare them 
with the results of these experiments. The intimation is thus 
supported that the true values of the oxy-hydrogen cell lies 
even higher than Czepinsky and Bose have found it.^ 

The simple fundamental cases of the dissociation of water Q^se III. 
and of carbon dioxide have been but slightly investigated, and The 
the expressions for their reaction energy consequently possess ^io?inc 
less certainty than we would wish. We will, nevertheless, risk procoAB. 

1 Takio^^ the carbon dioxide equation (e), on p. 133, as the basis of our 
formula, we obtain the values — 

45,620 at 312^ 

43,230 at 412° 

40,330 at 532° 

2 To prevent misunderstanding, I should like to call attention to the flict 
that the correctness of any value obtained for the electromotive force of the 
oxy-liydrogen cell cannot be tested by seeing whether the quantity A" fulfils 
the condition (p. 22) that — 



This relation always holds wherever water is formed reversihly. Whether 
the electrodes are in equilibrium with oxygen and hydrogen at atmosplieric 
pressure remains entirely indeterminate. If the condition of the electrodes 

dA 

corresponds to a lesser gas pressure, A" comes out smaller, hut T is just as 

much larger, and vice versa. Subsequent investigation has confirmed this 
conclusion. See Appendix to Lecture Vll. 
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pushing the application still further, and use the equation for 
the formation of water in studying the Deacon process of manu- 
facturing chlorine. This process corresponds to the difference — 

2H2 + 02 = 2E2O 
minus 2CI2 + 2H2 = 4HC1 

O2 + 4HC1 = 2H2O + 2CI2 

We have earlier deduced an expression for the energy of 
formation of hydrochloric acid. After quadrupling it so that it 
may correspond to the formation of 4 mols of HCl, we subtract 
it from the energy of formation of 2 mols of water- vapour — 

2 A" = 115,300 - 3-7mT+ 0-0033T2 - ETfe— - 4-5fiT 

fxi, ^Po, 

4A= 38,000 -Em +”'^‘-,-+5’3r,T 

lAu X Pa, _ 

A!" = 27,300 - 3-7mT + 0’0033P - ET^w _ 9-92T 

Po,^Piia 

We may now divide this by 4 so as to make it correspond to 
the decomposition of one mol of hydrochloric acid in accordance 
with our general usage, and obtain — 

A = 6825 - 0-925mT + 0-000825T2 - JLTItAp ^ _2-48t 

P02 ihrci 

We can test this equation for the energy of reaction by the 
experiments of Lunge and Marmier.^ To this end, let us 
examine their experiments a little more closely. Lunge and 
Marmier led a mixture of hydrochloric acid gas and of oxygen 
(sometimes of air) over broken bricks which had been soaked 
with a copper chloride solution, then dried and heated to a 
temperature of about 450°. The mixture of gases was usually 
dry, but sometimes it was wet. The reverse experiments witli 
chlorine and water- vapour were not made. The object of the 
investigation was to determine the degree of decomposition 
of the hydrochloric acid. If the fraction x of every mol of 

1 Z. f. angeio. Chemie (1897), 105, and the disseitation of E. Marmier, 
“ Ueber die Darstellung von Chlor nach dem Verfahren von Deacon nnd 
Mond” (Zurich, 1897). 
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hydrochloric acid is decomposed and inols of chlorine pro- 
duced, then in the linal gas mixture — 

012 _ a; 

HCl ~ 2(1 ~ N) 

This quotient represents the relative niiniber of chlorine and 
hydrochloric acid mols, and also the ratio of the per cents, by 
volume or partial pressures of the two kinds of gases in the gas 
mixture. 

The equilibrium constant of the Deacon pi-ocess is given by 
the equation — 

Xihioi ^ 


In order to introduce the ratio this expression, we 

multixdy numerator and denominator by and obtain— 




-- X 


K, 


foi Bi\-, 


or substituting the values just found for the first quotient — 


iV 

2(r^'x) 



X 



= K, 


(") 


The term placed under the radical sign may lej^resent x^^iilial 
j)ressures, per cents, by volume, or mols per unit of volume, 
tlie unit of measurement cancelling. The exx)ression becomes 
simpler when the initial gas mixture is dry. Then just as 


much chlorine as water is formed, so that the term 
has the value 1. For this case, then — 



X 

2(r^) 



. . (7a) 


This formula tells us the degree of decomposition when 
equilibrium is attained. It is relatively but little influenced 
l)y the excess of oxygen, for only the fourth root of the partial 
IDressure of the oxygen appears in the equation. If, for instance, 
the partial pressure were in one case 0*9 of an atmosphere and 
in another only 0*05 of an atmosphere, the fourth root in the 
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one case is 0’974 i^i the other 0*474. So a change of 18 times 

in the pressure of the oxygen changes the quotient to a 

value but twice as great, and the degree of decomposition, which 
was 0*6 (66 per cent.) in the first place, only changes to about 
0*75 (75 per cent.), as can be seen from equation (7), p. 181. 

Lunge and Marmier do not state the partial pressure of the 
oxygen in the gaseous products, but they do tell the composition 
and pressure of the mixture they started with, and knowing 
the degree of decomposition, we may calculate the final partial 
pressure. The following example will illustrate this. 

Initial mixture contained 8*5 per cent. HCl, 91*5 per cent. 
O 2 , pressure = 737 mm., x found = 0*83 ; hydrochloric acid 
transformed = 0*83 x 8*5 = 7*05 c.c. From this there is 
found stoichionietrically 3*52 c.c. CI 2 , 3*52 c.c. 1120, while 
1*76 c.c. O 2 were used up. It follows that the gaseous product 
contained — 


Slim . Cl -2 

98*23 c.c. 3*52 c.c. 

Therefore — 


HCl O 2 II 2 O Pressure. 

1*45 c.c. 89*74 c.c. 3*52 c.c. Same as 

initial gas. 


Vo, 


89-74 737- „ , 

X nr-n = 0’888 atm. 


98-23 760 

= 0-968 


2(1 - x) 

X 1 


= 2-44 
= K„ = 2-51 


2(1 - ^ 

We can express the procedure just illustrated by the formula- 


J?o^ = 


02-|HC1 

02-|hci-i-hci 


J. 

760 


■where B is the barometric pressure, O 2 and HCl the percentage 
content of the initial mixture. The values of ^02 in Table I., 
p. 185, were calculated in this way. 

Lunge and Marmier employed mixtures of gases whose 
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oxygen content varied from just about the theoretical quantity 
required to an excess of almost 100 times. In the mixtures 
containing but a little hydrochloric acid only a relatively small 
amount had to be transferred in reaching the equilibrium. The 
smaller the excess of oxygen the greater this quantity need be. 

Now all the mixtures were conducted over the catalyzer at 
approximately the same velocity. The result is, as can be easily 
understood, that at lower temperatures the gas mixtures remain 
farther from equilibrium the nearer they approach in composi- 
tion to stoichiometrical quantities. This makes itself apparent 
in the abnormal falling off of the degree of decomposition with 
decreasing excess of oxygen. At high temperatures (480°) this 
phenomenon is no longer prominent, and we may therefore 
conclude that a reaction velocity has now been attained which 
is high enough to bring even a stoichiometric mixture up to the 
equilibrium. Lunge and Marmier ascribed no especial im- 
portance to reaction velocity, basing their view on Deacon's 
statement, that with a sujSdciently large catalyzing surface the 
effect of reaction velocity disappeared. In their above-mentioned 
experiments, where the degree of decomposition was large, the 
oxygen was present in great excess, and hence the equilibrium 
was easily attained, and the catalyzing surface they used was 
sufficiently " great ; but in the mixtures of gas which are 
relatively poor in oxygen, this is not true, even at 430°, and the 
lower the temperatuj'e the richer the mixture may be in oxygen 
without being able, at the velocities employed by Lunge and 
Marmier, to reach equilibrium and the high degree of decom- 
position corresponding to it. 

The observations of Lunge and Marmier were made with a The 
catalyst, which, according to the statements of the invesbi- 
gators, does not remain unaltered. This phenomenon finds lyst dur- 
expression in their experimental results in the fact that some- pefi^ent 
times more, sometimes less, total chlorine is contained in the 
gaseous products than was present in the mixture to start with. 

It seems, however, as if equilibrium in the issuing gases was 
not disturbed by this. Nor indeed is it theoretically necessary 
that it should be. Haber and Yan Ordt^ have observed, in the 
action of hydrogen on the nitride of calcium, that the ammonia 
equilibrium in the issuing gases is nearly permanent, although 
^ Z.f. anofg. Ghemie^ 44 (1905), 341. 
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the nitride slowly changes. The same thing occurs in the 
technical manufacture of water-gas, as will be shown in a dis- 
cussion contained in the Seventh Lecture. But the change in 


H^O 

CI2 


the catalyzer does trouble us, in that thereby the ratio 

differs from 1, even in dry mixtures. If the catalyzer gives off 

/ H ‘>0 

chlorine and takes up oxygen, the term \/ occurring 


in 


equation 7 will be less than 1 in the escaping gas, and 
consequently — 


X 

2(1 - a;) 


X 1 > K 

Vo, 


The disturbing effect is of course greatest where the amount 
of hydrochloric acid which passes over the catalyst duiing the 
experiment is smallest, that is, when the excess of oxygen is 
greatest. For even a small amount of chlorine given off by the 


catalyzer would change the ratio 


CI2 

H2O 


greatly when it was 


mixed with only a small amount of chlorine produced from the 
hydrochloric acid. Lunge and Marmier did not lay muph stress 
on this point, for they were chiefly interested in the degree of 
decomposition, and it is but slightly affected at equilibriuin 
by this disturbing influence, for it takes quite a considerable 


SC 

change in '9 ^“ produce any change in it. One can easily 

see this by working through a few examples. 

The following table contains data which Lunge and Marmier 
have collected at 480^ They represent the mean values from 
parallel experiments numbered in Marmier’s dissertation 69-85. 
The single values lie very close to the mean values. The fost 
value is bracketed, because the difference between the chlorine 
in the hydrochloric acid taken and the total chlorine contained 
in the final product was far too great to yield any reasonable 
value for the equilibrium constant on the assumption that — 
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The constant here appears surprisingly large. Yet our 
formula for the temperature at which the constant becomes 
equal to unity — 

2-48 = - 0-925M + 0-000825T 

yields the value T = (about) 850° abs., or t = 577°. But we 
must recall here that the catalyzer certainly begins to volatilize 
above 470°. Deacon says it volatilizes even at 428°, and Lunge 
and Marmier claim that traces of it go over at even lower tem- 
peratures. It is, consequently, inevitable that above 500° the 
catalyzer should distill into the cooler portion of the tube near 
the outlet. The effect of this would be that the gases would 
not remain in the unfavourable equilibrium corresponding to the 
higher temperature, but would react in the cooler portion of the 
tube toward an equilibrium containing more chlorine. 

We will close this discussion by a reference to the chemical 
'^strength’’ of chlorine and oxygen. We have just seen that 
the equilibrium constant of the Deacon process becomes unity 
at about 577°. Now, this process depends upon the distribution 
of hydrogen between chlorine and oxygen, that is, these two 
substances compete for the hydrogen. We conclude from this 
that both oxydizing agents are equally strong at 577°. At lower 
temperatures the oxygen captures more of the hydrogen; at 
higher temperatures chlorine does this. So oxygen lias the 
greater af&nity for hydrogen in the cold (below 577°), chlorine 
in the heat (above 577°). Tliis, of course, applies only under 
comparable conditions of concentration, and the question arises, 
What are comparable concentration conditions? There exists 
an analogous case where the answer to this question is evident. 
It is the competition of carbon monoxide and hydrogen for 
oxygen. 

2 E, . ^ 2H2O 

^ 02 ^ 

2CO + 2 CO 2 

This is nothing other than the water-gas equilibrium. Its 
equilibrium constant becomes unity at about 830°. Above this 
temperature the affinity of oxygen for hydrogen prevails ; below 
it the affinity of oxygen for carbon monoxide. Here the concen- 
trations are comparable when carbon monoxide and hydrogen, 
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on the one hand, and water- vapour and carbon dioxide on the 
other, have equal partial pressures. We may, therefore, conclude 
immediately from this tliat a mixture of water-vapour and 
hydrogen can exist together with a smaller amount of free 
oxygen above 830° than can a similar mixture of carbon monoxide 
and dioxide, assuming, of course, that the pressure is the same 
in both cases. Therefore, carbon dioxide dissociates more above 
830° than does w’ater-vapour. The numerical values which we 
have found for the dissociation of carbon dioxide and for water- 
vapour correspond to these conclusions. When we compare 
chlorine with oxygen the comparable conditions are not so 
simple, because gaseous chlorine is divalent, and gaseous oxygen 
is tetravalent. One mol of chlorine unites with but one mol of 
hydrogen, while one mol of oxygen unites with two mols of 
hydrogen. 

Now, we judge chemical ''strength'’ on the basis of 
equivalent amounts. That is, we compare — 

H2-i-0=^H.20 

with — 

H2 + Cl2:it2HCl 

In the one case at equilibrium — 


in the other — 


PUiO -rr 

5 .; xs„- 


Paa 


X Pch 


= K* 


KHOI) 


Here we mufit write K^xhci), for w^e have previously written 
(p. 108) K,,(hci) as referring to one mol HCl. The stronger oxidizing 
agent will have the higher equilibrium constaut. We then use 
van’t Hoff s fomula — 


A = RWwKp - RTSv'%y 


lo find the comparable conditions in both cases, and obtain — 


A = 

and 

A = 
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If the q[uotients — 

X i^H2 X i?Cl2 

are arranged to be equal in value, then each adds just as much, 
or just as little, to A and A', and the difference between A and 
A' shows directly the difference in chemical strength. 

We may similarly determine A and hi by the aid of galvanic 
cells. Since the same number of equivalents are transformed, 
the quantities of electricity generated in each case are equal. 
Consequently the reaction energies A and hi stand in the same 
ratio to one another as the electromotive forces of the two cells. 
We have Dolezalek’s measurements for one cell, and those of 
Bose for the other. We are already acquainted with both 
investigations. Bose made observations at but a single tension 
of aqueous vapour, which we can place at 0*031 atmosphere. 
Dolezalek, on the other hand, made measurements at various 
partial pressures of hydrochloric acid, and so ’we can easily 
choose comparable concentrations in the light of what has just 
been said. That is, since in comparable cases — 

X Vhi ?Cl2 X Rii,, 

then also — 

i^ClH ^^^^2 X y>H2 

In the measurements of Bose we may call the pressure of the 
hydrogen and the oxygen equal to 1 atmosphere without ap- 
preciable error. Consequently equals 1, and the product 
X ] 9 o 2 also equals 1. In Dolezalek's measurements the same 
thing does not apply with equal rigour, for the high partial 
pressure of the hydrochloric acid lowered the partial pressures of 
the chlorine and oxygen perceptibly when the total pressure was 
1 atmosphere. Nevertheless, we may assume for the moment 
that in this case, too, and py,^, and hence their product, are 

equal to 1. This tells us that, to judge the relative chemical 
strength, we must compare these measurements where — 

i^HaO _ . 
i^HCl 

^HgO = i^HCl 


or — 
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But since the vapour tension of water was 0‘031 atmosphere in 
Bose's experiments, we must use the value Dolezalek found for 
a partial pressure of hydrochloric acid = v^0*031, or O'l'ZG 
atmosphere. Bor this partial pressure Dolezalek found an 
electromotive force of 1 volt, in round numbers, while Bose 
found 1*14 for the oxy-hydrogen gas cell. If we now take the 
fact just mentioned into consideration — that the partial pressures 
of the chlorine and hydrogen were less than 1 atmosphere in 
Dolezalek's experiments — it appears that we must take a cell 
containing more concentrated hydrochloric acid, and hence one 
having less electromotive force, if we would obtain comparably 
conditions. The difference between the oxy-hydrogen cell and 
the comparable oxy-chlorine cell would thus become still greater. 

The small difference of 5° between the temperatures of the two 
cells would affect their electromotive forces too slightly to 
require consideration here. The result agrees, as was to be-* 
expected, with the conclusion we had already arrived at from a 
study of the Deacon process. In the cold, therefore, chlorine, 
though more rapidly acting, is the weaker oxidizing agent. 

We will now consider two other gas reactions of technical OaselV. 
importance, namely, the formation of sulphur trioxide from 
sulphur dioxide and oxygen, and of ammonia from the elements, coss for 

The formation of the anhydride of sulphuric acid from of 

sulphur dioxide and oxygen — sulplmric 

acid. 

2802 + 02:^2803 

possesses the very greatest technical importance as the basis of 
the contact process for the manufacture of sulphuric acid. It 
has been studied by many investigators. 

The heat of reaction, according to Berthelot’s statement, is 
45,200 g. cal. at ordinary temperatures. The value is calcu- 
lated as the difference between the heat of formation of gaseous 
sulphuric acid and sulphurous acid, and, in view of the marked 
discrepancy between Berthelot's and Thomsen's values for the 
heat of formation of sulphur dioxide, is not especially certain. 

It refers to constant pressure. 

The mean specific heat of sulphur dioxide at constant 
pressure has been calorimetrically determined by Eegnault to 
be 9*86 between 10° and 200°. Muller’s determination of the 
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ratio between its specific heat at constant pressure and at 
constant volume is in satisfactory agreement with this, giving 
1*256. Eegnault found the mean specific heat of oxygen over 
this same temperature interval to be 6*96. We do not know 
what the specific heat of sulphur trioxide is, so we cannot com- 
pute the change of the heat of reaction with the temperature. 

We will again refer the reaction energy to the formation of 
a single mol of sulphur trioxide. The heat of reaction at 
ordinary temperatures referred to this quantity is 22,600 cal. 
The formula for the reaction energy says — 


■ A = Qo - (r'.mT - <x"T - j- + const. T 

Pso, X pK, 

At the equilibrium A = 0, and — 


^ X 1 


Here the quotient — ® is independent of the pressure, since 

the unit of measure cancels from both numerator and denomin- 
ator. We might equally well write percents, hy volume or con- 
centrations in its place, so in the future we will omit the 
measuring factor. 

In actual practice the object is to get the highest possible 
yield of SO3. At any given temperature this will always be 
more fully attained the higher the partial pressure of the 
oxygen in the final product. This is evident when the above 
expression is written as — 


SO3 

SO2 


— Kp\/pQ^ 


The constant Kp becomes greater the lower the temperature. 
Experience has shown that the formation of sulphur trioxide at 
high temperatures is considerably reduced by the strong dis- 
sociation of the sulphur trioxide into sulphur dioxide and oxygen. 

We owe our chief data for determining to Knietseh.^ 

^ Berl. Ber.j 34 (1901), 4069. Since then Knietsch has communicated 
some further determinations in which sulphur dioxide mixed with air, carbon 
dioxide, or water-vapour was led over platinized asbestos at constant pressure 
and temperature, and the unchanged^ sulphur dioxide determined (^‘ Bericht 
iiber den funften internationalen Kongrefs fttr angewandte Chemie,” vol. i. 
p. 617 (Berlin, 1904)). 
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of liiglier temperatures was precluded by the observation that 
oxygen was then absorbed by the platinum filings in the quartz 
vessels. The determinations agree excellently with those of 
Knietsch. 


lO 

i TO 

1 

Knietsch. 

Bodlander. 


450 

723 

187-67 


10-3GO 

500 

773 

72-30 

— 

8-477 

615 

788 

— 

65*44 

8-290 

658 

82(5 

— 

24*07 

G-300 

GOO 

873 

14-90 

— 

5*350 

610 

883 

— 

10-50 

4*658 

650 

923 

— 

(4-45) 

2*955 

700 

973 

4-84 


3-124 

800 

1073 

1-81 

— 

1-172 

OOO 

1173 

0-57 

— 

-1-108 


There also exist two determinations of the equilibrium 
constant Kj,, made in the laboratories of the Hochst Tarbwerke, 
which, when expressed in our units, give — 



TO 

465 1 

738 

515 j 

1 

788 


K. 


1175 

5S6 


They deviate very widely, as one can see, from the value in our 
table. According to the statements of the observers themselves 
(Lunge, Sodaindustrie,” i. p. 950), the experiments on which 
they are based are not above criticism, and they may therefore 
be set aside as less certain than the others. The small values 
given by Bodlander and Koppen for 650° in the above table 
fall a little out of line from the other values, Bodlander and 
Koppen admit the possibility of an experimental disturbance 
which would have caused it to come out too small. They have 
attempted to deduce the heat of reaction from their own and 
Knietsch’s observations. For this purpose they have recalcu- 
lated the constant so that it represents Kc instead of K^,. This 
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can be done here by simply multiplying by \/0*0821T.^ From 
this they have computed the heat of reaction at constant volume, 
using van't Hoff's equation (see p. 64) — 

EfeK, - lllnK\ = - i) 


Bodlander and Koppen found from their measurements that at 
550“^ it equalled 25,500 cal. At constant pressure it would 
therefore be 25,910 cal. The measurements of Knietsch yield 
(according to Bodlander and Koppen's computation) the rather 
variable values — 


t ... 550 G50 750 850 ° C. 

Q„ ... 23,280 19,000 18,620 27,125 cal. 


Professor Bodenstein, of Leipzig, has written me personally Boden- 
about a further investigation of this equilibrium which he has 
just completed. His method consisted in passing a mixture tion. 
of sulphur dioxide, air, and nitrogen over hot platinized 
asbestos contained in two quartz vessels. Combination took 
place in the first vessel until equilibrium was almost reached, 
so that in the second and main vessel there was no disturbing 
heat of reaction. The carefully executed determinations gave 
the following results : — 


F ... 

528 

570 

627 

680 

727 

789 

832 

897 

rjpo 

801 

852 

900 

953 

1000 

1062 

1105 

1170 

K, 

31-3 

13*8 

5-64 

3*24 

1*86 

0-956 

0-627 

0-358 

BlnK, 

6-82 

5-20 

3-72 

2*33 

1*23 

-0-089 

-0-924 

-2-035 


A calculation of the heat of reaction from interval to interval 
of the temperature by means of van't Hoff's equation gave 
much more regular results than did the corresponding calcula- 
tion of Knietsch's measurements. The numbers lie quite close 


^ This may he found in the following way : — 

K - -i 

and further 

po., = 0-0821Tcoj 

where poa is expressed in atmospheres and cos in mols per litre. Finally 

SO, 1 SO, L 

SO, 


_ _ 

‘ ~ SO,' 


. / J’Oi 

V 0-0821 X T 


. = K, X V0-082T X T 
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We may represent per cents, of the theoretical yield on the 
basis of 100^\ It can be directly seen from the formula that 
the yield depends directly on Kj), which in its turn is solely 
determined by the temperature. Equation (8) may be used 
without hesitation down to 430®, and according to it, IKp 
changes from 198 at 430® to 0*36 at 900®. Temperature, there- 
fore, has the very greatest influence. On the other hand, the 
dilution of the gas in general affects the yield but slightly, 
because the partial pressure of the oxygen in the gaseous 
products, which is the only factor which comes into play, exerts 
an influence which is not proportional to itself, but to its square 
root.^ 

It is desirable, for practical purposes, to use a formula in 
which the oxygen and sulphur dioxide contents in the gaseous 
products appear instead of the partial pressure _po 2 of the oxygen. 
It is easy to formulate such expreissions. "There is — 

a = SO ‘2 in initial mixture 

h = 7 o 0 . 

C = ®/q „ „ 

u *4" “f" ~ 100 

Further, ;/;, as l)efore, shall represent the yield, that is, the 
ratio of sulphur trioxide formed to that which could have been 
formed. It is then clear that O'fm) of tlie b parts by volume 
of oxygen would b(3 used up, and that the volume would 
decrease from 100 to 100 — 0’5ax, If the total pressure is 
kept at one atmosphere, the partial pressure of the oxygen in 
the gaseous product is — 

_ 7; — 0*5 X a X X 

P02 - j_oo"_ o-n^ X !» 

and we obtain— 


"" : 1 

/ b — d’SaaJ 

1 Kiiietsch, Bericht fiber den V. Intern. KongresB,’’ 7 .c., has found that 
dilution has an effect in accordance with the theoiy, at least, when nitrogen 
or carbon dioxide are used as diluents. On the other hand, the addition of 
large quantities of water- vapour seems to hamper the reaction. 
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quantitative. But at a temperature 200° degrees higher the 
trace of sulphur dioxide will not ])e more than or about 
58 per cent, converted. We see, then, that the great difference 
in nitrogen makes but little difference at lower temperatures, 
but becomes very important at higher ones. 

In order, finally, to make an actual application to technical The^ 
conditions, we have computed the following table : — ^eld in^ 

practice. 


In 

a 

itial gas mixti 

b 

rc. 

a 

Temperature 

^C. 

from 

formula. 

Maximum 
54eld in 

0 / 

% SO 2 

% 0 . 

%N, 



/o* 

7-0 ! 

* 10*4 

82 0 

434 

lBl-0 i 

99 

7*0 ! 

10-4 

82*0 

550 

20*4 

85 

70 , 

1()'4 

82*0 

045 

5*14 

GO 


The actual experimental yields may easily exceed the values 
calculated for the Idgher temi)eratiires, provided the gas 
has an opportunity to strike any of the catalyzer as it 
cools off. 

The influence exerted by the composition of the gaseous Clemens 
mixture has been often discussed, because Clemens Winkler, to 
whom we owe much of our knowledge of this process, came to the tion to the 
erroneous conclusion that the most favourable composition for the 
initial gas was 2 vols. SO 2 to 1 voL O 2 . He reports regarding proceHB. 
the first stages of liis procedixre in Lunge’s Sodaindustrie.” 

It appears from his description that his first ill success was by 
no means due to the unfavourable composition of his gaseous 
mixture. It appears that from 1879 on, in the Muldener smelting 
works, sulpliur dioxide gas mixtures containing 7*0 to 7*5 per cent. 

S ()2 were passed over platinized asbestos, according to Clemens 
Winkler’s advice, and a 45 per cent, yield of SOjj obtained, the 
sulphur dioxide content falling to 4 per cent. It was dis- 
covered in 1889 tliat the yield of anhydride rose to 85 or 90 per 
cent, on a single passage over the contact substance, if gas 
mixtures were used whose oxygen content considerably exceeded 
that of the sulphur dioxide. Consequently, after that, gas 
mixtures containing but 6 per cent, of SO 2 were employed." If 
we assume that there was 7*5 per cent. SO 2 , and 3*75 per cent. 

O 2 in the first case, even then a yield of 85 per cent, ought to 
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a fcemperataie Ijelow 500®, it catalyzes tlie reaction sufficiently 
to allow us to utilize the very favourable location of the 
equilibrium at this temperature and yet employ rapid currents 
of gas. All other catalysts work less satisfactorily. ISTothing 
is easier than to find catalyzers for the formation of SO}^. As is 
generally the case in gas reactions at high temperatures, almost 
any indifferent rough surface hastens the reaction. Knietsch 
has illustrated this effect very prettily by replacing the platinized 
asbestos witli fragments of porcelain. The velocity of formation 
of sulphur trio:xide is much smaller at relatively low tempera- 
tures, and the equilibrium is far from readied. But the higher 
the temperature, the more nearly does the action of the broken 
porcelain approximate to that of the platinum, and at 850® tliere 
is but little difference between the two. Yet at this temperature 
tlie location of the equilibrium is so unfavourable < 1) that 
this catalyzing effect is without technical imiiortaiice. According 
to a well-known principle of physical chemistry, first stated 
l)y Ostwald, every catalyst accelerates the reaction and the 
counter-reaction in tlie same degree, provided it remains itself 
unaltered. In fact, Knietsch lias found that the rate of 
decomposition of .sulphur trioxide by broken porcelain is quite 
analogous to the rate of formation of sulphur trioxide under the 
same conditions. On the other hand, when sulphur tiioxide was 
passed at 900® througli smooth porcelain tubes under conditions 
which were otlierwise the same, the decomposition was very 
slight, due to the absence of rough surfaces. \Ye may conclude 
from this that only small quantities of sulphur trioxide, compared 
with the theoretical amounts, would he formed in smooth tubes 
at 900®. 

But easy as it is to find substances wdiich will catalyze, it is 
very difficult to And substances which will catalyze well. 
Among those which people have hoped would replace platinum, 
ferric oxide, or more particularly the ashes from the pyrite ovens 
iu the manufacture of sulphuric acid, has acquired the greatest 
importance. To 1)0 sure, its catalytic action compared with that 
of platinum is shown hy Knietsclfs carves to be small, and 
experiments by Lunge and Pollitt^ have confirmed this. The 
relation of the equilibrium point to the decomposition potential 
of fen-ous and ferric sulphate which here comes into play, has 
^ yj.f.mujew. Chmiu, 15 ( 1902 ), 1105 , 
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will catalyze at these low temperatures, so that they may be 
used. Iron, the best catalyzer afc present known for this re- 
action, is far inferior even to so poor a catalyzer of the sulphur 
trioxide reaction as broken porcelain. But we can predict, at 
least approximately, what results could be attained with a good 
catalyzer. 

We will first write our formula for the reaction energy — 

A = Qo - + const. T 

and observe that 12,000 cal. are evolved in the formation of 1 
mol of ammonia at ordinary temperatures and at constant 
pressures. We further note that, according to Wvillner, the 
true specific heat of ammonia per mol at constant pressure and 
at 0° is 8*54; at 100®, 9*07 ; and at 200^, 9*59; while the mean 
specific heats of the permanent gases at constant pressure 
between 0® and T® may be taken with sufficient accuracy as 
equal to 6‘64 + O'OOOST. Putting the mean specific heat of 
one mol of ammonia at constant pressure between 0® abs. and 
T abs.— 

61 -f- 0‘002T +. 2*64 x 10 
the true specific heat will be — 

6*1 + 0-004T + 7*82 x lO-®!^ 

this being at 200® equal to 9*76, in fairly good agreement with 
Wiedemann's figure. On the other hand, combining this value 
with the above-given expression for the specific heat of per- 
manent gases, justified by the measurements of Holborn and 
Henning, we get for the difference in the specific heats of factors 
and products — 

gases) = 13*28 + O'OOOGT 

= fil + 0-0002T + 2*64 x 10““®P 

From this we find— 

Qo = 10,100 cal. 
and 

A = 10,100 - 7*18mT -f- 1*4 X 10'”»T + 1*32 x 
+ 21-98T - j 

Pk X Pi, 
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Similarly, the yield from a given amount of hydrogen would be — 


« or y _ . 

1-52?h, + jPnhs I - y 1‘5 j5h, 


The equilibrium condition may be written as — 

K = - V or I'™?- V 

^ K, X Pk lA, i'SpH, i’ll, X 

Substituting the expressions for the yield in this, we get — 



.i:%_ X } 

i - 2 / Vp^kx 2>ih 


These expressions are somewhat complicated, but this much 
is directly evident from them. When we wish to convert 
nitrogen at all completely into ammonia, we must use a gaseous 
mixture containing much hydrogen and but little nitrogen. 
The utilization of the hydrogen is then, of course, about as 
incomplete as possible. But if we wish to make ammonia 
in this way we could do as is done at the Muldener Smelters : 
we could remove the ammonia formed by absorption, and repeat 
the process after having added a little nitrogen. In this way 
no hydrogen would be lost. 

The reverse attempt to obtain the higliest possible yield of 
ammonia from a given amount of hydrogen never has so good 
chances of success. If we try to accomplish this by using a 
mixture containing much nitrogen and but a little hydrogen, 
then very little ammonia is formed, as the experiments of Haber 
and van Oordt have shown. Noting that when the content of 
ammonia is small, the sum of the partial pressures and 
Ph 2 is practically identical with the total pressure, we may 
write as an approximation — 


P^^vi, = X p^, X p\ = K Vh.(1 - PhJ = -K-Wa, - p%) 


or — 

FnHs = - jpSh 


If, now, the partial pressure of the hydrogen has the value 0*99 
atmosphere in one case and 0*01 atmosphere in another; that is, 
if in one case we use almost pure hydrogen and in another 
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almost pure nitrogen, the ratio of the q^uantities of ammonia 
which we obtain in the two cases is — 


/ 0 * 99 ^ - 0 - 99 ^ 
0-OP - O-OP 


c /^100 


The use of nearly pure nitrogen then depresses the ammonia 
content of the gaseous product till it is about 100 times smaller 
than when we started with almost pure hydrogen. It con- 
sequently escapes obseryation. 

On the other hand, if we wish to choose conditions such that 
the yield of ammonia from the hydrogen will be a maximum, 
we make use of the easy transformation — 

_ 0*67Kj,\/^fc2 X 


where the partial pressures as usual refer to the escaping gas. 
We see that this expansion gives a maximum value for y wlien 
the product X has a maximum value. This happens when 
the escaping gas contains as much nitrogen as hydrogen. 

Eecurring for the last time to our equation for the formation 
energy of ammonia, we observe that the value of the last term 
in this equation, 21*98T, is surprisingly large. It indicates 
that our assumptions regarding the specific heats are incomplete, 
and we surmise that a more exact knowledge of the specific 
heat of ammonia would so alter the expression that the constant 
would come out smaller. The numbers relating to the location 
of the equilibrium would thereby be somewhat changed, but the 
general ideas regarding the formation of ammonia which we 
have derived from our equation would suffer no alteration. 

The peculiar inertness characteristic of nitrogen, which 
appears so prominently in the preparation of ammonia from 
the elements, reminds us of the condition which we described 
in connection with the formation of nitric oxide. There we 
found that nitric oxide decomposed but slowly into the elements 
at an intense white heat. This peculiar inertness of nitrogen 
will always place a serious handicap on the cheap technical 
preparation of ammonia, particularly so long as the tremendous 
amount of combined organic nitrogen with which Nature has 
provided us lasts. Nature brings about the transformation of 
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Gilementary nitrogen into ammonia and nitric acid in her slow 
Way with the greatest facility and on a most colossal scale. 
"While she has accumulated nitrates at but one place on the 
earth’s surface in sufficient q^uantities to mine — and its exhaustion 
is imminent — she has provided for us a much richer and more 
varied supply of combined nitrogen easily convertible into 
a,tnmonia. 
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The use of greater quantities of gas would, of course, in- Experi- 
crease the accuracy of the determination, but at the same time LavoLier 
it necessitates a change in the method of procedure. A and 
closed vessel large enough to contain a sufficient quantity of 
gas would require a calorimeter of impossible dimensions. 
Consequently we abandon closed vessels, and resort to the 
device of passing a hot gas through a colder calorimeter, and 
measuring the heat it there gives off. In this way we are no 
longer determining the specific heat at constant volume, but at 
constant pressure. Lavoisier and Laplace,^ who first employed 
this method, using an ice-calorimeter in conjunction with it, 
immediately got better values than those of Crawford. Yet 
even their results are quite divergent from the true ones. 

It is easy to obtain large and easily measurable heat changes 
by passing large quantities of gas through a metal spiral en- 
closed in such a calorimeter, but, unfortunately, several sources 
of uncertainty are thereby introduced. The gas must, of course, 
be brought in a tube from the heating chamber to the calori- 
meter. It is not difficult to determine the temperature in the 
heating chambers, but it is much more difficult to ascertain the 
temperature change between the exit from the heating chamber 
and the entrance into the calorimeter. It does not suffice to 
place a thermometer where the gas enters the calorimeter coil, 
for if the temperature of the gas does not coincide with that of 
the surrounding metal cell at this point, then the reading of the 
thermometer will be determined as much by the radiation from 
the walls of the tube as by the temperature of the gas itself. 

Its readings are, therefore, incorrect. By bringing the heating 
chamber right up to the entrance of the calorimeter, we can, to 
be sure, cause the gas to enter the calorimeter at the tempera- 
ture of this heating chamber. But in this case the heating 
chamber heats the calorimeter at the junction, and may easily 
affect the calorimetric results. Regnault was the first to over- 
come these difficulties. 

Before perfecting this difficult method experimenters O^ay Lu8- 
naturally looked about for a simpler one. Gay Lussac devised 
a method by which he could measure specific heats, at 

1 Regarding these and other older experiments, see Regnault’s historical 
treatment of the subject in the MemoireB de VlnsHtute de France, 20 (1802), 

1 to 40. 
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into wliicli it had been previously forced through the tube gla by 
means of a force pump. The copper vessel was contained in a 
water-bath, ABCD, whose temperature was measured by the 
thermometer T, while the stirrer mnq kept the water in motion. 
The pressure in the copper vessel was determined by the 
attached manometer ef. The bottom tap Ic, which was closed 
hermetically below, allowed him to bring the copper vessel in 
communication with the atmosphere. 

In an experiment, the gas shut up in V, where its temperature 
and pressure were known from / and T, escaped through dhiR 
and the fine reducing valve U into the circuit oxtijcoy leading 
to the heating coil. A capillary glass tube was cemented in at t. 
The screw of the reducing valve IT was graduated, and the 
straight edge vw made it possible to return to any initial point. 
During the experiment the valve was regulated by hand, so that 
the manometer MM' showed always the same difference of 
pressure a/3. The gas, therefore, entered the capillary t always 
at the same pressure, and consequently passed through it and 
the remaining circuit at the same speed, provided the atmospheric 
pressure did not change in the mean time. 

The current of gas then passed through a metallic spiral, 
8 mm. in bore and 10 m. long. This coil lay in a box, ABCD, 
which was heated by a burner from below. This box, in turn, 
rested in a larger lead box GLL"K, which protected it from 
tlie outer air, and increased the constancy of the temperature. 
The box ABCD was filled with oil, which was constantly 
stirred. The temperature was measured by the thermometer T. 

Eeguault’s most unique device was his method of attaching 
his heating apparatus to the calorimeter. The bath ABCD 
was made to belly out at one place, and the heating coil extended 
1 cm. out through and beyond this protrusion. The end of the 
coil is fitted by means of a cork into a thin-walled glass tube 
ending in the caloiimeter vessel/. The calorimeter was a brass 
pot, in which were placed three brass boxes u\ There was a 
metallic spiral in each box prolonging the path which the gas 
must follow through the box. The calorimeter rested upon 
cork wedges in a protecting mantle. The temperature of the 
water in the calorimeter was measured with a thermometer 
graduated to permitting to be estimated. A 

stirrer moving up and down kept the water well mixed. 
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THERM on YNAMICS 


Wiede- 
mann’s ex- 
periments. 


Tlie ad- 
vantage 
of Wiede- 
mann’s 
modifica- 
tion. 


Eilliard Wiedemann^ was able to considerably simplify 
Eegnault’s method by replacing his heating coil and calorimeter 
vessel by others of smaller dimensions and more manageable 
construction. This heating apparatus consisted of a copper box, 
M (Fig. 6), 20 cm. high, 18 cm. broad, and 21 cm. long, having 
the protrusion P devised by Eegnault on its right side. Instead 
of the heating coil, it contained a copper cylinder, G, 4 cm. in 
diameter and 11 cm. long, packed full of fine copper turnings. 
The gas entered through the tube mn, and escaped through the 
tube 0 . As far as s the tube was of copper, but the small piece 
(17 mm. long) extending beyond the tip of the protruding part 
of the calorimeter was of German silver, which is a relatively 
poorer conductor of heat. As in Eegnault’s apparatus, the 
calorimeter was connected with the heating apparatus by means 
of a cork. The liquid in the heating bath was kept agitated by 
the stirrer V, and its temperature was read on the thermometer t. 
The temperature was constant during an experiment to within 
1°. The calorimeter was a very small silver vessel 5| cm. high 
and 4*2 cm. in diameter. Inside of it were arranged three 
small vertical silver tubes 41 mm. long and 9 mm. in diameter, 
filled with silver turnings. Passage through a single one of 
these tubes was sufficient to cool the hot gas down to the 
temperature of the calorimeter. 

The use of metal turnings in the heating chamber and in 
the calorimeter was the most important improvement devised 
by Wiedemann. The extraordinarily increased rapidity of heat 
exchange between gas and wall thus obtained made it possible 
to construct the whole apparatus on a smaller and more 
compact scale than was possible for Eegnault. A second 
fortunate alteration in the construction consisted of an arrange- 
ment by which the temperature of the gas could be measured 

^ Fogg, Ann., 157 (1876), p. 1. 


° Prepared from alcohol and sulphuric acid ; washed with sulphuric acid 
and potassium hydroxide solution ; doubtless impure. 

Prepared from concentrated hydrochloric acid and absolute alcohol, 
washed with water, liquefied, dried over calcium chloride, redistilled. 

® From potassium sulphide and calcium ethylsulpliate ; washed with 
water and distilled from calcium chloride. 

® From potassium cyanide and calcium ethylsulpliate. 

From sodium acetate and calcium ethylsulpliate. 
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ilhiHtratuii l)y F in tin* lioum. Two IuImw sirii juim-d togcthi-r 
in .such n way that liu^ oas fir.'^t flows liirmioh th*- innor tulif, 
cuniiiiunicatin” if.s heat to tlie Ihcriiioijiclor iii anfi-d fhi'n in, and 
thou (!HcniH!.s tJirouf'h the (ujti-r tuhe. whii-h wrvt- . in this wav as 
a protecfi no jacket to the, iinu-r tuhe. (To eHminui,. ni,v i.jjj.ci, 
from extiTtiul current.s of air, the luhcs are .cd in a w««Mti*n 
box.) Wietieniami umai this arraiiotutienl « ),i< l!y for measuring 
the temjieraturi! of hi.sy;£i.s an it h-fi lh>' reoTvoir. f J<-casioiia]lv 
lie used it to show tlmt the j'.ih ns it moved from flu* healitcf 
(diainht^r was njally at the tem}M !.it)in' of the heatino Imtli. 

Wiedemann suhslilnted a riihhi r Idadder. (,t, t»r 2<f litres 
caitacity, ttnchrseil in tin; l.iroe hotth* (' for the eoj,]M reservoir 
of Reonanlt. Water flowing,' into tlie iiir-rlemdH'r M lorceil air 
ovm- itito This in turn foreed tin- yas eontainetl in ilm 
ruhher bladder ihronoh lh>* aj»|iarat!is. 1! stood «ijk»ii scali’s, 
and it.s gain in weight told direetly iln* volume of gsw exiw-Ued. 

The remainder of his npjinratim presented im unHstml 
features. .«• is a huhhle ctamter fsiiljihurie aeidt ; y is a tower 
tt» catch any spray fimn the acid ; : is a »lii«dd to j»r««leei the 
calorimeter from the mdiation of the ln*ali«g chanilj. r; X* is a 
jterforatttd ctirk 8iipi»orting the ealorimHler ; and is a water- 
reservoir wliich furnishes walei at r«s»m tem|s*raiiirc for the 
douhle-wallctl brass jacket X sHrrouinlitig tin? ealoriineter. A 
cross-section of thts caloriinider, showing the thris- silver inlsm 
a, h, a, the gas inlet lulst ji, the stirrer r, nn.! the llierimaijeter !. 
is also added to the figure. 

Wiedtunann, liko llegiiaiilt, mstrhie*! himwdf to temperal tires 
Wow' 200”. His results are coUeetisI in the following table ; - 
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Holborn and Austin ^ recently so altered the method that an Experi- 
initial temperature of 800° could be used, and so made it possible HoiUorn 
to measure the specific heat of gases over a much larger range. 

They heated their gases electrically in a nickel tube 8 mm. in 
diameter and filled with turnings. The gas was taken from 
commercial bombs, led through a long drying tube, then through 
the heating tube, and into a short connecting tube of porcelain. 

This last takes the place of the cork connection of Eegnault. 

The gas then escapes into a silver calorimeter containing 1 J litres 
of water. The temperature of the gas was measured by a 
platinum- rhodium thermoelement (according to Le Chatelier) 
just before it entered the calorimeter. The wires of the thermo- 
element were 0*25 mm. thick, and isolated by thin CLuartz 
capillaries. The junction was protected by a special device 
against radiation from the sides of the tube, and against heat 
conduction. The gas finally entered a rubber bag contained in 
a bottle. As the bag expands water is expelled from the bottle, 
and the change in weight is noted. The mean specific heat 
between — 

20° and 440° C. 

20° „ 630° 0, 

20° „ 800° C. 

was determined. The following values per gram for air, nitro- 
gen, and a mixture of oxygen with 9 per cent, nitrogen were 
obtained. Eegnault’s values are appended in brackets. The 
values for pure oxygen are calculated from the observed values 
of the mixture of oxygen with 9 per cent, nitrogen and that of 
pure nitrogen. 


Mean specific 
heat between 

N, 

O2 with 
9%N.. 

O2 pure. 

i 

1 

1 

1 Air. 

i 

1 

Air calcu- 
lated from 
Ng and Oj. 

10 ° and 200° 
20° „ 440° 
20° „ 630° 
20° „ 800° 

(0-2438) 

0-2419 

0-2464 

0-2497 

0'2265 

0-2314 

(0-2175) 1 
0-2240 i 
0-2300 

i 

(0-2375) 

0-2366 

0-2429 

0-2430 

0-2377 

0-2426 


Holborn and Austin remark that their numbers for air 
and nitrogen agree satisfactorily with Eegnault's, while their 
1 Sitzungsber, der Kgl. preuss. Akad., 1905, p. 175. 
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The '' calculated values ” were obtained from the formula — 

6*(o,o = 0-2028 + 0-0000692^ - 0-0000000167^^ 

which, in turn, was derived from the actual measurements. We 
can obtain the true specific heats referred to a gram of carbon 
dioxide and at constant pressure by multiplying by t and differ- 
entiating with respect to t. This gives — 

Ctrue = 0-2028 4- 0-0001384iJ - O-OOOOOOOSiJ^ 

Calling t = —273°, we get for the true specific heat at absolute 
zero — 

c = 0-1613 

If, finally, we replace the gram by the gram molecule as a unit 
of mass, we get — 

fi(o.T) = 7-097 + 0-003045T - 0-000000735T2 

If we attempt to express the increase of the mean specific 
heat with the temperature between 200° and 800° by^a linear 
expression, we find that the term representing the increment 
agrees very -well with the number obtained by Langen from his 
explosion experiments. 

Holborn and Austin give the following table, comparing true 
specific heats of carbon dioxide at constant pressure determined 
in various ways. In it are given the values derived from 
Eegnault’s, Wiedemann’s, and their own experiments ; also 
values calculated by help of the formula of Mallard and Le 
Chatelier for the specific heat at constant volume — 

= 6-3 + O’OQOGt - O-OOOOOllS?;^ 

and by help of Langen’s formula — 

Cv(Q,t) = 67 + 0*0026^ 


^C. 

IMgmiult. 

Wiedemann. 

1 

1 Mallard and 

I Lc Chatelier. 

i 

Langen. 

0 

0-1870 

0’1952 

1 0*1880 

0*1980 

100 

0-2145 

0*2169 

0*2140 

0*2100 

200 

0*2396 

0*2387 

0*2390 

0*2220 

400 



— 

0*2840 

0*2450 

GOO 



! 

0*3230 

0*2690 

800 

— 

1 

0*3550 

0 2920 


Ilolbora and 
Austin. 


0-2028 

0*2101 

0*2285 

0-2502 

0*2678 

0*2815 
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effect of pressure becomes less the nearer the gas approaches 
an ideal gas in its behaviour. We therefore find that pressure 
has a very slight influence even at ordinary temperatures on the 
so-called permanent gases, and in the easily condensible gases 
the effect of pressure vanishes as we approach the high temper- 
atures at which gas reactions mostly take place. 

Joly^ has undertaken the direct determination of the Joly’s ex- 
specific heat of gases at lower temperatures at constant volume. 

The principle of his method is as follows. A metal vessel is 
hung by a fine metal filament from the pan of a delicate balance, 



and its weight determined. The vessel hangs freely in a cavity 
through which a rapid current of steam from some sort of boiler 
may be forced at any desired moment. As soon as the weight 
of the vessel has been ascertained the steam is admitted. When 
the steam strikes the cold metallic vessel, it condenses upon it 
and heats it with its heat of condensation to the steam tempera- 
ture of 100°. Further condensation does not take place, because 
the vessel, being freely suspended in a space filled with steam 
whose walls are kept constantly at 100,° can lose no heat by 
radiation. The vessel becomes heavier because of the water 
condensed upon its surface. This increase of weight rapidly 
approaches a permanent maximum, and may be readily deter- 
mined. It permits us to find directly how much heat is 
necessary to raise the vessel from its initial temperature to 100°, 
since the latent heat of the vaporization of water is known. If 
we first use the vessel exhausted, and then filled with gas, the 
difference between the two increments of weight gives directly 
the quantity of heat necessary to heat the enclosed gas to 100°. 
Hence we get the specific heat of the gas at constant volume 
between this initial temperature and 100°.^ 

This method may very well be used to test how much the 
specific heat of a gas at constant volume depends on the density 
of the gas. For this purpose it is only necessary to use a gas 
first at a small pressure and then at a greater one. Still, it is 
impossible to determine the values at high temperatures, which 
are of special importance to us, with a steam calorimeter. 

1 Joly, FML Trans,, 182 (1892), 73. 

2 Air, carbon dioxide, and hydrogen were investigated. For a criticism of 
these results, see Wiillner, “ Kxperimentalphysik,” vol. ii. (Leipzig, 189G) 
p. 538. 
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experi- 

ments. 


the static pressure from the beginning of the explosion till the 
bomb had cooled off. They could determine tlie rate of cooling 
of the gas-mixture from this curve, and could therefore apply 
a correction of the observed maximum pressure to account for 
the slight amount of heat which the gas lost during the process 
of combustion, and which consequently contributed nothing to 
the rise of pressure. In Vieille's method it was only possible 
to determine this correction indirectly and incompletely. 

Clerk ^ later performed several experiments, analogous in 

principle to the experiments 
of Mallard and Le Chatelier, 
with a cylindrical bomb, a 
spark igniter at the bottom, 
and a steam-engine indicator 
to record the pressure. 

Langen ^ employed tlie 
most highly perfected ap- 
paratus of this type. He 
used a spherical explosion 
bomb of steel with a capacity 
of 34 litres, thus reducing 
tlie loss of heat during com- 
bustion to a minimum. The 
gas was electrically ignited 
at the centre of the bomb. 
The loss of heat during com- 
bustion, and consequently 
the correction to be applied 
to the maximum pressure, 
was smaller in this large apparatus than before, and at the 
same time the gas cooled off more slowly, and consequently 
the correction could be more easily determined. 

His bomb is illustrated in Tig. 7. It is enclosed in a large 
vessel through which water is kept flowing. The bomb may 
be evacuated through a cock attached to its lower part. The 
cover of the bomb has three openings — one for leading in the 
gas to be studied ; a second for attaching an open, two-armed 

1 Dugald Clerk, The G-as and Oil Engine.” London, 1897. 

2 Mitteiluiigen fiber Forschungsarbeiten aus dem Gebiete des Ingenieur- 
wesens ” (Berlin, 1903), Heft 8. 
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mercury manometer; the third for attaching the indicator a, 
which was practically identical with the common and widely 
known instrument of commerce. Its pencil recorded the static 
pressure on a drum, which revolved at a regular but adjustable 
velocity. The electrical contacts c and e were so arranged that 
by pressing a button the recording apparatus and the apparatus 
for measuring the velocity of revolution of the drum were 
simultaneously started, and directly afterwards the spark igniter 
was made to act. The purpose of the mercury manometer was 
chiefly to measure the initial j)ressure before explosion, and 
the final pressure after the exploded gas had completely 
cooled off. 

It cannot be denied that measurement of pressure with 
this apparatus presents no serious difficulties. The correction 
for the maximum pressure applied by Langen is, perhaps, sus- 
ceptible of some improvement, because, while the heat conduction 
by the walls was coiTected, the heat radiation was not.^ 

This correction, however, amounted to only a few per cent, 
in the experiments of Mallard and Le Chatelier, and would be 
even less in these experiments; consequently any inaccuracy 
in it could not greatly affect the results. If the reaction pro- 
ceeds without perceptible dissociation taking pla^e, tlien the 
calculations of the specific heat of gases from these experiments 
by means of the gas law (pv = RT) is certainly the simplest 
way to find out anything about the specific heats of gases at 
high temperatures.^ 

The other method, which we have considered in this same The 
connection, makes use of the crusher manometer. This method 
has the advantage that we can employ higher temperatures meter, 
without fearing that dissociation will ensue. 

The following figure (Fig. 8) will serve to illustrate tMs.^ 

A charge of high explosive is freely suspended in the cavity 

^ Compare Neriist, Physilml. Zeitschr. (1904), 777. 

2 Langen’s experiments have been repeated lately by Haiisser with a 
very much smaller apparatus (“ Mitteilung iiber Forschungsarbeiten auf 
dem Gebiet des Ingenieurwesen,” Heft 25 (Beidin, 1905). The results seem 
to be affected seriously by imperfectness of the apparatus (see Haber, Zeit. 
fwr Gasheleuchtung und Wasserversorgung (1906), p. 1046). 

^ Nach Heise, “ Sprengstoffe und Ztlndung der Sprengsphusse.” Berlin, 

1904. 


TliW| tif 
Urn 

mmtm 


A. %vlll‘r«‘ it «*!rrt rir. ill Iv r'\|i|*«ii‘?| f|i*‘4|| '»| tip- Hlt4ik 

\%'iri*:'* k Tilt' m|' r- I'^riir^l iiV'iiiiHl |||«* 

ryliii4**r *f, wliii'h in fniii ^ijiMn thr rvliiiclrf 

r i’H fiiiiL ill iliiiiiitirr I'* itifis 1 Ii*' %<r#'W J |if^ 

ti’^^itly itil** lumrr li*- 4 . 4 »| 4 i’'rs» IT, ;iii'! -i* 4 l«r 

till.’ 

sl«n l^y ill*" *lr*ft»f||| tlif* 

ryiiii?l«*r, i*y nmirntm^ tiii« il«T*»riiiiiii*»ii \iiili liini 

l»y liyiiritiilk 

j.ir. W*' «*%liiii3il«^ lilM |||ii,||- 

fl „,J'^l|Jp-L ,J| ».|f.. vi.|.-,a Uwt 

: I ■ I ^ j I rii||l|lt»||||#|| pf 

— - -HpV, fW-'' **“' ‘■‘'li"'’’ 

Tr^ f I j ii% tlpir iiiw4iiiiii«il 

, j ||r.4ll||r||t,^ llllllil Im l|||4 |||||:’tt 

miP'ily itlnilieiiT i4^* 
' ilip ««iiiij«iri#«ii wniil»l iiiwiii 

' JpttlllliH, Willi 111 W j:ir«l%i<ll, ii 

;/V I liitillA *4 j^PWirr Jlip ^ 

'fl'"’ ^^'*’*^* * fiiillsiiirirwi iiiiiy lui 

t-i. hJ mm 4 ^ 4"' ill 

iii^, l*fr#.‘'tiirii |i (ill kil«|iritiii») 

J"""*""" 1 1| I Ilf ^ p % j iff’ %,%ii III ■ 

p m p k 

wiiprii aitfl itrp wii.ii«m4 wlikli niiif i|«4f^riiiiiP^4 fptfii tin* 

liyilritnlle iip*iaiin't«i*iil.ii, 

lint, iw Samtti mnl ViifillnA kilti lliwip^lirally 

i.»fl cipiriitimlaJIf, il ii liy iin itinniw l«i |*iil ttii* 

tnaiiittttiii trf tli«$ i* ilipi^^Iy i^|iiiit In flit 



/»/■; ! \Aiii * \ ' it n ///;, i /‘.v < »/ li.i.s /■:.<< 


llii! jiri'Miiin' !' itf llit* fx jtlosioii HjijinixiJiiutDH l(» ilu! 

I' .. .. f 

If if wi* wmild cmlcttiliitii the 

iiiiixiiiiiiiii c»f tin* exjihw^ion fmm ihiHkiforitiatioii, Up knew 

liciw nil if tliii |inia«iire piston escpnrknam. 

Hiirniii iiipI Viiollt! nive i4i!Vi.fml very insirtieiive iixfiinplei of 
}.K*rifii#'iit4 ill %v!iit'!i llney were nith to detf*riniitn thene aec'al«fra“ 
iioiifi liy iiilnrliiii;* a ja^iiri! p> iliBpiHton ntnl miming it Up rcinarcl 
l!ii^ jiiHlfiii’s ttiioii n striji of paper. They 

llirai iii*wiire4 wii.li a iiiirrowijH* tlie diH|iiii«*eH imvelled by 
i!ii! jiislitii llie piijw^r fr«nii inoiniini to nionieiiL A few 

Ilf iJiidr liiiiiierieiil r«»atilN are i^iviiit in tiihnliir form lielow^— 


f 

t' 

a 

u 


I* 



K 

p 

0 

1 

II- 'in 

■# iO'li 

:4i 

.V,| 

1 

iHti; 

1 IhtiT 

imp 

ml 

'1 


4 4>:i 

mm 


>;l 


i IfH.1 

itK»n 

•ilHi 


ron 

.... 

mxi 


4 

^ n-iT 

i-nm 

tTTh 

‘iifih 

•1 

ti:i 

... l-li 

iii:t 

If 

1 

:m 

--■ifii 

mi ^ 

HKi;i 

'!! 

i-ai 

-;!• 1 

’I7!SP 


»l 


loaa 

mi ‘ 

i7hi 

tii 

i'liii 

- I'lf 


?i 

f* 


■ -* iffciT 


HIH2 

Hi 



:mm 

E.| 

tm 

7 

ii-mi 

imi 

n^ni ^ 

inH2 

i»t 

>111 


:mj 


titti 





Mf II iliit *if tlw Um vwlwily, ini4 m Itii nmw, 




iifel' 


’ ./|j 


.Pit 


(I* -• it'fim m M *Ut 

fliii file iif *ili ilie s«rr«»liaiitiii^ friiiti a o t«i « # In ‘/erOj that 


f ■■ 


aipl ‘iliir#* |. II 4 '- 






«« ii *• 


fi 


ExftBiiihi 
IHtllitfllt- 
iiig the 
ttieiiry of 
tlitt 

(‘ritilter 

aiiitisr, 


i .\ jJ//« 




riplt'^r A iirr j 4 rir <^4 iniiiilrt.tr^ rrf»-ifiii.^ hi ,» ii.uii* iii4i 

Ilf |wnr«l«*r «'4illr4 < V' iii i}p* Fi'r^n.-li 4itu%\ IL.^ i4ti« nf 

till* \vi4||lil tif t!i** paw^nh-r I’'* ili^’ %uhim^^ ^4 !li» F iiiF 44 % 
iiumiirr M tli** " 4 *-ir' 4 !r « 4 ' ' |f 

j«-r litri’ ■ TJi«- 4 ir umliiplr ; . f tJj*- *ii|»iir4ii' 

iiiiil «»f lirip* rti«*f4»*ii H iiurtiU 7 i|p‘ j.i»iiifii^ 

I'ivr^ii ill iiii*lrr;-i Hi‘euutlt 0 i 4 i||,. 4 ^'i 4 iii U .41 f||<- 

|iiii!iiii ill kil<*jrritiivi riirtli^^i, liii-'lrr p mr tnM^t th*~ 
riiliiilatr*! fraiii lli.«i ft*fiiiiil 4 f-- -mm ut p 1 % ^ 

riijirr>«riil^ !}i«^ Fitiil }ire>^‘>iiiri^ I* x4 th*'^ -4^11. \%\. |||.|| 

ill ilii'H niHi* K hm 11 vii|ii«- muM m h^ Im-' n* |/!i-i!i|i*^ niuj 
liriif'it till! pmmn*‘ r-^- v-uif$^i ily tr>|,r*-''iriii.,'4 ji|- ly, 

f^iriiiiilii + k. Wi^ ImVi^ lmt\ ilm nmr 

till* Its miv%uinnu jc»*'.v->iirr 44 slowly ilnii 

till* | 4 '^|i#ii 11^# 

Nililillir llll"*i.Hl||'r'IIP?l 4 l-^ Iiiiil** iipy llflilrf* 

II. T!i 4 ’ timi.^ily ’^4 %tm 4 Tli-r' iiiiil iiit0ri'’.iil nf 

I iriiif i.^ !iisr«* mte * Wit ihi%t tli#’* i«fti.iiiii|}|i ptmsmtrm. 

lillll<lf«l ill^llllilly I||i44l||i*^i iiipl li'ii’* Sirr0jt-f^|||<4| nf' ||||# 

jliikin j 4 iiy^ nn mUm»t 4 mmy iirij-iiiti^ifii Tip* r:|j4<iii|i!:i|| 

ttmm m»i ini.fiii lln^ pmm, it /mrl# it llm rfi|ii4«»r^ 

iiiitl till! kifii^lie mmtut ^4 ilii.^; krin,^# 4*4f.»fiiial,iiiti 

III iJir i}iJ 4 ii Kii Iiy 4 r«iiili*'' tin* #11111114 

j/iiwutiri! m 4 p»ii 14 etm jir«|iirii^, 

III iinktr, ilmrrUm^ In iiuikf^ 11 wi u{ m%y ilniii witli 

Ar^mnmn mih jpkI tlmi T » n « - 


1 hkJimkm^ fimmk ^4irm ihm <k%0hd^ 

if« im%lm»m I* In tn 4«-fi iitnc*, iin4 wip^ii 

lliw pfrmrnf^ wiiitittt rnii4«i4 4mm^ tts*-' i 4 kf pr 

ilif? | 4 »iati« imfemnL 

III lll^ I'lllfii’ Hs.f |i/^|||r 

wiwrii w mpr>mnm l}i«^^ ftm#, « 11,0 ^*4 f ili^ ilnir a. 4 ,.|. 4 

|rit|ilitettlly fmm tlif* 4m0mmn $d tli^ |:*ift|«ii fip#frjip‘tii», m ^ t| 4 #rt.r 4 ^ 
wf, ilmt h tfi<* mmrn nf iIim? mm, 0i gmm*- 

« pmrnt wtliliiiig lull mi gimm. 


DETERMINATION OF SPECIFIC HEATS OF GASES 331 


such a crusher manometer in the deductioix of specific heats, 
it is essential that \ve know the nature of the explosive we 
employ. Apparently no calculations of this sort, other than 
those of Mallard and Le Chatelier just mentioned, have ever 
been undertaken, although the apparatus finds everyday use in 
the manufacture of high explosives, and the possibility of obtain- 
ing data regarding the specific heats of gases at high temperatures 
with this apparatus is apparent. It should further be noted 
that surprising chemical facts have come to light in these ex- 
periments under high pressure.^ 

We will now discuss how the ratio fc, between the true The ratio 
specific heats at constant pressure Cp and at constant volume Ct, 
may be determined. Knowing this ratio, we can obtain the true 
specific heat at constant volume per mol, because — 


- _ > - E 

and hence — 



The true specific heat per mol at constant pressure would be — 

K X E 

k-T 


The determination of the value k for gases depends upon certain 
phenomena accompanying an adiabatic expausion. Thus, if a gas 
has a pressure jp at a volume then after an adiabatic change 
the pressure and the volume Vi are connected by the relation — 


If, instead of the volume v, we substitute the concentration 

or as it is usually called in this connection, the density {d), 

V 

we get — 

__ (diY 
p \ d/ 

A method orimnating with Clement and Desormes permits Procedure 
® of01(fmcnt 

1 SarrauandVieille, Comp, 105 (1887), 1223, find that the reaction— 

2CO 4- 2 H 2 = CH, -f CO, 

is greatly favoured by liigh temperatures and pressures. 
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from the walls of the vessel, so that the rise of pressure after 
closing the cock comes out too small. 

Gazin ^ has carried out an investigation to determine how Cami’s ex- 
long one must wait in order that these oscillations of pressure 

shall have just ceased. He closed the cock the very moment 

this condition was reached. In this way he got the following 
values : — 

Gas Air 0. N. H., CO NH 3 00^ N^O SO 2 0 , 1 X 4 Ether 

« 1*41 1-41 l*4“l 1*41 1*41 1*328 1*291 1*285 1*262 1*257 1*079 

All the values refer to ordinary temperatures. Some of the 
gases did not possess the desired purity. Ethylene is, for this 
reason, especially uncertain. 

It is clear that heat communicated from the walls is more 
dangerous the smaller the vessel one uses, for just so much 
more unfavourable does the ratio of area to volume become. 

Gazin was mindful of this, and used vessels of 30 and 60 litres 
capacity. 

We must conclude, however, from a critical discussion of Rontgen’s 
Gazin’s results by Eontgen, that he left the cock open 
long, and consequently got too small final values, Eontgen^ 
materially improved the method, using a vessel of 70 litres 
capacity, and a very delicate manometer. He determined both 
the initial pressure Pa, the pressure B after a brief opening of 
the cock, and the final pressure Pe. He applied a special 
correction for the heat communicated to the gas by the walls of 
the flask. He obviated the effect of oscillations of pressure by 
the arrangement of his manometer. In this way he got the 
very accurate values for — 

Air = 1*4053 
Garbon dioxide = 1*3052 

at ordinary temperature. The high thermal conductivity of 
hydrogen vitiated the results obtained for this gas. 

Maneuvrier,^ partly in collaboration with Fournier, Manen- 
attempted a somewhat different procedure. He compressed trier’s ex- 

XT A, 1. DGnmciits 

the gas contained in a spherical vessel of ca. 50 litres capacity 

1 Cazin, Ann. Chim. Phys., iil 66 (1862), 243 ; see also iv. 20 (1870), 243. 

Fogg. Ann,i 148 (1873), 580. 

Ann. Ghim. Phys. (7) 6 (1895), p. 321 ; also p. 377, where a table is 
given showing all previous values of k. 
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momentarily in the plane of the U, oscillations were set up in 
the mercury, whose period Muller measured to within a 
thousandth of a second by means of an electrical recording 
device. In the cases he studied the period was usually about 
^ second. The mercury came to rest after some 50 such 
oscillations. If now a glass globe holding somewhat over a 
litre of the gas be placed upon each arm of the U-tube, we find, 
on repeating the experiment, that the period of the oscillation 
becomes shorter. The cause of this. is the alternate compression 
and expansion of the gas in each globe. Muller’s apparatus 
showed this difference to be about OT second. When exactly 
measured to the thousandth of a second, this difference permits 
us to compute the ratio of the specific heats, provided the 
volume changes are adiabatic. It is doubtful whether this is 
really the case. Yet the results seem serviceable, even though 
they are certainly not so accurate as those of Eontgen and of 
Lummer and Pringsheim. 

All his experiments were carried out between about 0"^ and 
50°. Carbon dioxide was investigated from 9*6° to 33*4°, and 
ammonia from 10*7° to 30*1°, and yet no change due to the 
temperature was discovered, although a very accurate method 
should have disclosed one. Such a change was observed with 
several vapours, and the result obtained with them are placed 
at the end of the following table; yet here the value of k 
is also dependent on the pressure. 


Gas. 

Temperature 

interval, 

OC. 

K 

Gas 

Temperature 

interval, 

OQ. 

K 

Air 

10 

to 22 

1-405 

CH 3 C 1 

16 to 17 

1-199 

0, 

16 

to 21 

1-402 

CHCIa 

23 to 39 

1-110 

CO, 

9*6 to 33-4 

1-265 

CH,C1, 

24 to 42 

1-12 

Hci 

18 

to 41 

1-398 

0,H, 

15 to 30 

1-243 

HBr 

10 

to 38 

1-365 

CILOOH j 

23 

1-146 (?) 

SO, 

16 

to 34 

1-256 

CH,C01, 

44 

1-04 

ri,s 

10 

to 40 

1-276 

0 , 1 - 1,01 

21 to 30 

1-126 

cs, 

21 

to 40 

1-189 

0,14,01, 

42 

1-086 

NH, 

17 

to 30 

1262 

OHjOCif, 

6 to 30 

1-113 

CH, 

19 

to 30 

1-316 

C.,H,OC.,H, 

22 to 45 

1*029 


Now, the passage of sound through gases generates very rapid 
adiabatic changes. Besides, observations of the velocity of 
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of 3 cm. bore show no noticeable deviation from conditions in 
a free gas space.^ 

Dulong ^ was first able to derive good values of k: from the 
phenomena of acoustics. He made use of the old idea of blow- 
ing a whistle in the various gases and determining the pitch. 
The number of vibrations in the note emitted is proportional to 
the velocity of the sound. Knowing the density of the gas under 
standard conditions and the temperature, the value of k relative 
to air can be calculated. Dulong obtained the absolute value 
of K for air by direct measurements of the velocity of sound in 
the open. Masson ® made a large number of measurements by 
the same method. We have placed the results of both these 
men in a table of Wiillner’s given somewhat farther on. 

The use of these whistling notes is always affected with a 
slight uncertainty due to the mouthpiece. It has therefore been 
generally abandoned in favour of the method of Kundt/ which 
permits us to directly measure a wave-length. Kundt generates 
stationary waves in a tube containing a little fine dust. The 
dust in this wave tube ” collects at the nodes, each of which is 
a half wave-length from its neighbour. If A is the lialf wave- 
length, and X the number of half-vibrations which the note 
makes in a second, then — . 


and hence — 




J- 


Kundt always compares the wave-length with the same tuning- 
fork in the gas and in air— that is, always using the same 
freq[uency, x. It then follows, if the index L refers to air (Luft), 
that — 




The use of high notes not only eliminates the disturbing effect of 
the walls, but gives a larger number of nodes in a moderate distance 
whose mean distance apart may be very accurately determined. 


1 For the literature and new experiments, see Sturm {B.rudes Ann., 14. 
(1904), 823). Compare also Vieille’s paper on the velocity of sound Rapports 
presentees au congr^s international de Physique” (Paris, 1900), voL i. p. 228) 
Dulong, Ann., 16 (1829), 438, Ann, Chim. Fhys., 41, 113. 
Masson, A7in. Ohim. Fhys., 63 (1853), 277. 

* Fogg. Ann., 135, 337 and 527 (1868). 
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Wullner ^ has executed a series of measurements at 0° and Wuiiner’a 
100°, using this acoustic method. He tabulated his results with 
those of Dulong and Masson, and we reproduce the table here : — 


Gas. ^ 

Dulong. 

Masson. 

Wiillner 

0° 

lOQo 

Air 

1*405 

1*405 

1*4052(5 

1*40513 

Oxygen 

1*402 

1*405 

— 

— 

Nitrogen | 


1*405 

— 

— 

Hydrogen i 

1*394 

1*405 

— 

— 

Carbon monoxide ... i 

1*410 

1*413 

1*4032 

1*3970 

Carbon dioxide ’ 

132G 

1*277 

l*31i:-3 

1*2843 

Nitrous oxide 

1*331 

1*270 

1*3108 

1*2745 

Ammonia 

— i 

1*304 

1*3172 

1*2791 

Ethylene 

1-228 

1 2G0 

1*2455 

1*1889 

Nitric oxide 

— 

1*394 

— 

— 

Marsh gas 

— 

1*319 

— 

— 

Sulphur dioxide | 

— 

1*248 

— 

— 

Hydrochloric acid 

— 

1*392 


— 

Hydrogen sulphide ... | 

1 

■ 

1258 

i 



The fourth decimal figure in these results is quite uncertain; 
the fifth is wholly so. 

Capstick ^ has also made many determinations by this Capstlck’s 

^ AVTVAn- 


method. 





inci 

Gas. 

Formula. 

K 

Ga«. 

Formula, 

K 

Methane 

CH, 

1*313 

Carbon tetrachloride 

CCl, 

1*130 

Methyl chloride ... 

(5H,C1 

1*279 

Ethylene chloride... 

C,H,0], 

1*137 

Methyl bromide ... 

CHsBr 

1*274 

Ethylene 


1*134 

Methyl iodide 

CH.I 

1*286 

Vinyl bromide 

C^Br 

1*264 

Ethane 

C,lt 

1*182 

Allyl chloride 

OaH^Cl 

1*198 

Ethyl chloride 

C^HoCl 

1*187 

Allyl bromide 

0,H,Br 

1*137 

Ethylbromido ... 

CgH^Br 

1*188 

Ethyl formine 

HCOOCHf, 

1*145 

Propane ... ... 

G,H« 

1*130 

Methyl acetate 

ICHjCOOCHs 

1*124 

n. propyl chloride ... 

CjjH^Cl 

1*126 

Hydrogen sulphide 

1 SH, 

1*137 

Iso propyl chloride 

C.H^Ol 

1*127 

Carbon dioxide ... 

i CO, 

; 1*340 

Iso propyl bromide 
Methylene chloride 
Cldoroform 

) 

1 C;H,Br 

1*131 

Carbon disulphide 

1 GS, 

' 1*308 

1 C,H,Cb 

! CH(J1, 

1*219 

1*154 

Silicium tetrachloride 

' SiCl, 

, 1*129 


^ Wied. .4m n., 4- (1878), 321 ; corrected results in Wiillner’s “ Handb. 
der Pliysik,” 51 h edit., vol. ii. p. 553. 

London Iviil. Tranf^., 185 (1804), 84; and Trans. Royal JSog., London^ 
57 (1895), 328. V 
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Dust 
figures at 
higli 
tempera- 
tures. 


c: 

k 


■ This dust figure method may be used even at tempera- 
tures of several hundreds of degrees. Kundt and Warburg^ 
used it near 300° in a celebrated research where it was wished 
to determine the value of k for mercury vapour. The arrange- 
ment of their apparatus may be easily seen from Fig. 9. 
Strecker ^ later used the same method to determine the ratio 
of the specific heats of iodine, bromine, chlorine, and a series of 
compounds containing other elements. We see a glass tube in 
the figure about a metre long, closed at both ends and clamped 
at 5 . This is the sounding tube/' The point b is about 
30 cm. from its left-hand end. Its right-hand end is firmly 


u 



Fi6. 9. 


attached to the glass tube, about 3 cm. wide, in which the gas 
to be studied, as well as a little finely powdered silica, is con- 
tained. Inside this so-called wave tube " there is another 
tube, open at both ends, in which the wave figures are formed. 
An inner tube of this kind is necessary, for the vibrations of the 
glass of the outer tube interferes with their formation there. 
The left-hand end of the sounding tube projects at i into 
another glass tube, h, closed at the opposite end, and containing 
air and lycopodium powder. This tube serves as a comparison 
tube. The heating apparatus in which the experimental tube 
is contained is really nothing .but a large air-bath heated by a 
row of bunsen burners. It has triple walls and floor, Ki, K 2 , and 
K 3 , with corresponding covers, D, D 2 , and Da. Thermometers 
are introduced through the end walls at r and t. Alongside 
the wave tube is an air-thermometer, L, with a t^in stem e. 
When the sounding tube is rubbed to the right ^f s with a 

1 Fogg. Ann,, 157 (1875), 353. i 

Wied, Ann., 13 (1881), 20 ; 17(1882), 85./ 


DETERMINATION OF SPECIFIC HEATS OF GASES 241 


damp cloth, so that a longitadinal vibration and a high note are 
produced, the air in the comparison tube and the gas in the 
wave tube are set vibrating. The length of these stationary 
waves is shown by the lycopodium and silica powders. Kundt 
and Warburg/ as well as Strecker, take the value of k for air 
which Eontgen obtained in his above-mentioned experiments. 

The accurate measurement of the wave-lengths in the experi- 
mental tube is rendered somewhat difficult by the fact that the 
glass tube contracts slightly on cooling, and the distance 
between nodes appears somewhat shorter than it should. 

Strecker found the following values : — ^ Strocker's 

CI3 Br. I2 ClI BrI HCl HBr HI mciiit 

1*3:23 1*293 1*294 1*317 1*33 1*394 1*431 1*397 

At high temperatures we can no longer use glass, and The 
cj[uartz is not applicable because of the large dimensions 
necessary. This exhausts our supply of available transparent measur- 
substances, and, since we must see the node deposits in order to 
measure them, prevents us using the method under these con- 
ditions. bTevertheless, the acoustic determinations of wave- 
lengths at least in air have been twice carried out at temperatures 
up to nearly 1000° by another method. The method in each 
case was based on a principle originated by Quincke. When a 
tube closed at one end is filled with stationary sound waves, there 
is a wave-crest at the closed end. At a quarter of a wave- 
length from the end comes the first node, and at a distance of 
a half wave-length comes another crest, and so on. By using a 
hearing ” tube, which may be shoved along the tube contain- 
ing the gas, it is possible to recognize and locate the change 
from crest to node. Quincke made use of this phenomenon in 
his acoustic thermometer. 

This acoustic thermometer of Quincke consisted of two 
straight tubes, one a wider interference tube and the other 
a narrower hearing tube. The interference tube was from 

1 Wied, Ann., 63 (1897), 66. 

Strecker’s value for chlorine is almost exactly identical with the value 
which Martini {Phil. Mag. (5), 39 (1895), 143) and Beiblatter {Weid. Ann. 

(1881^ 565) found at the same time and by another method at 0°. This 
value was 1*327. Martini measured the lengths of tubes at which the tubes 
when filled with the gases were in reasonance. These lengths are directly 
proportional to the velocity of sound in the gases. The experiments were 
extended to COg and NgO. (Beibl. Wied. Ann., l.c.) 
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40-150 cm. long, 1-5 cm. wide, and closed at one end. Into 
this the glass, metal, or clay hearing tube was inserted. It . was 
from 1-2 m. long, 4-6 mm. clear bore, and its walls were from 
0 75-1*5 mm. thick. The hearing tube was open at both ends. 
One end was connected with the ear by a rubber tube 12 m. 
long, 5 mm. in inside diameter, and with walls 2 mm. thick 
The open end of a sounding box attached to a tuning fork was 
placed before the mouth of the interference tube, and the 
hearing tube was shoved in as far as possible. If the hearing 
tube was now drawn slowly out, maxima and mimima were 
observed distant a quarter of a wave-length from each other. 
The distance between any two of the minima could be read off 
by means of a millimetre scale placed alongside the hearing 
tube. In this way the ear was made to take the place of the 
dust figures of Kundt and Warburg. 

The method gives good results at ordinary temperatures. 
The observations are more difficult to carry out at high 
temperatures. Stevens found the following values for air in 
this way : — 

At 00 1000 9500 C. 

K ... 1-4006 1-3993 1*34 ± 0-01 

The ratio of the numbers for 0° and 100° is more certain than 
the numbers themselves. They are given to four places, in 
order to show the decrease of 0*1 per cent, in the value of k 
between 0° and 100°. According to Kalahne,^ Stevens' measure- 
ment of temperature is in error at 950° by some 27°, and k is 
consequently 0’03 smaller than it otherwise would be. 

It is a serious disadvantage, in using the acoustic thermometer, 
that we are obliged to use tuning forks which will keep sounding 
for a long while. Only forks of rather low pitch fulfil this 
requirement. These slowly vibrating forks give very long 
waves at high temperatures, and it is consequently necessary to 
use very long interference tubes, and to keep them very exactly 
at the same temperature; which means, of course, increased 
difficulty of experimentation. Thus, according to the different 
tones used, Kundt and Warburg found a half wave-length of 
2 cm. in mercury vapour, Wiillner a half wave-length of 6*5 cm. 
in air and Stevens one of 60 cm. in air at 950° 

Later Kalahne ^ employed a resonance method originated 

1 Drude’s Ann., 11 (1903), p. 231. ^ lUd. 
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by {ifici clijvcIo|i«jtl by Heel>eck^ ami It is based 

cm ilii* folltiwiiig |iriiiei{ile. A straight tubes o|K)a at both cuds 
m previilijtl with a mcivahle pistoa. The piston head is nearly 
m largi! ns tlie c:r<mH»seetioii of the tube, and therefore Bhuts olf 
an iiir-colniiiii cif variable length extending Ironi it to the mouth 
of the tiilM*. A teleplione is planed directly in front of the 
tiibij’s liwiiith, mid its membrane is sot vibrating by an inter- 
iiiit4,eiii eleetrie ciirreiii at tliorato c.)f perhaps a thousand vibra- 
tions In the seaiiid. These vibrations enter the tube and set up 
stiiliyiiiiry wiivns in it At oortairi definite positions of the piston, 
ill ways a half wiivedengih distant from one another, pronounced 
liiiixitiia of rimfimiiic'e are obtained. These are best observed by 
using a rubber tube ojicming near the mouth of the tube and 
leadiiig to ilit,? e»ar. It ia advisable to introduce a Quincke 
iiiiiu-forenee tube into this rubl>er tube, thereby dampening the 
fiiiidaiimiital tone and the undertones, and leaving only the high 
ovurtoncii, with which the maxima may bo determined witli 
e«|ie«dal precision. 

This arrimgemimt too, according to Kaliihm/s oxperienec, 
lie«:omei more diflleult to use the higher the temperature. 
Kiiliihne foiiml no pcirc^eptiiihj change of k wiili the temperature 
up to 4oCI 4 He ftiuiid, wiili Btevans, that at higher tempera- 
tures K boiumies smaller, though he did not find so groat a 
dilfifrciiicii IIS did Bteveiis. Thus, according to him k decreases 
to but KB lit tfCKf, imd not to !/34; that is, it only decreases 
!iy iiboiit 0*d-ll'7 per cent, of its value at onlinary temperatuim 

To illusiriiie ilm ajiplicatioiis which this method has found, Low's 
Wfi will fttld the results which Webster Ix>w obtained for a 
iiitijilier of gmm, using it in a somewhat modified fonn and at 
ordliiiiry tuinjainituros. 


vmm 

1*2014 
m>ii4 
1%UKI4 

Tiie value ftir hydriigeii is inexact 

' I'lH/g- Ann., l.'Kf (1870), I O'!. 



Ks|wrl* 
iiii*ali tif 

imtl 

HteiiiWi’lir. 
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Tilt! liuit«iistiiitiunt!i| lutrm id lliii iiii^lliiiil nn,* imi 

yiily ilillkiilt of liiii lifijili*4 ill iipp!ir.iilii4ii^ fUr limy 

iirvolvti iluj mv *d oj«»n itilmM, 'wlikli nt |i*nijii*riiliir»'?4 art! 
ililliindi to ktm|» lilloii with inimm lliiiii iiir. in lliirt |■r‘4jmf»i 
tho meilioii m'liirh ThioMtu moil Stoiitti?lir liavivjiini iiiiiiiiiiiii!i'il ^ 
to hi! II iiiij»iovri«*’iil. In irirllniii i!iti 

liiiiolmr of iiiipiilmm iw*r mtmi4 loHrl up ^ymimlht^ttr 

vihmiioo in it i-loitrd iuhit fillr'd ivilli llm* siii«irr iiiVi*«lij 4 aliyii 
ut a givrii tieiiijmraliiro ia doki'iiiino*!. 

Thii foro^^oiiig Mitrvoy iiol inrliidi* it!I tin* rr-Hoiiriiimi tif 
an iinliim hiivu, hmtt iiiinli^ in ihi.^ liiflil 

It tlmm, liowiivnr. afforit a t!r«inili!lo ftiiiiiiiuiry of tin! iiii?llii.iti:« 
now lit oiir ilinjamal for tltiU^ritisiiiiig hiyiiH., 

It k iividofit thill oviirylhiiig in ihia ficltl jvilitiniiig in liigli 
iniriltoritiuraa m in a mml iiiimdllot! ir$mUlimh Tti« l wimiy 
yeitm of fjiiioiaraiirti whidi folIii%%'i?4 llii! r\immmmU 

of Miilliinl iiial lai Cliiilulirr aipl of iiiid Vinllii Iie*i 

btaiii Jiliit hroiiglii ItJ iiii liipl hj llitf fpsiinirr'li**?^. of 
Httvaiii and Kaliliinn Unllairii iirnl aiisl siiiil 

Sioiitwijlir. 

lU tha tfiifi of till! Fanrili l4sciiiiii wu iikriiiifii’'4 iln* 

Ilf ilotliicing ilm aja?€ific Iitmla itl liigli irnmimiilumm Iriiiit 
et|iiililiriMiii iiiimaiirtHiiiciiiii, ItogiwiiIlV iiiolIoi«l itiii|iliiiril 

liy Hcilkirti mini AiimIiii, ihe iinmaiiroiiiifiil nl if% 
mil lliii climtiitml ititlind uffm tlm lm#|. ppk^imn |.ii f^r olilaiiiiiiii 
rpiiilto. 


SKVKXTII I.KCTUIIK 

TUB riETKIiSH.VATldX OB OAHEOBK Kill'll, IllItlA. TIIKOUKTrCAT, Af(D 
TKi HKI<-ai, flBHEUVATIONS UKiiAUDJXa UKLATKI) Hl'lUBCTH 

'I uiH !a«l Uscturo will Iks dssvofcod to n consideration of matters 
iiit|K>rt«nt in <Kj[uiIitiri!i dotormiiiations, essjKscially at hi^h 
tmnpemtuis's. In coiintsctionw'ith this we shall find opportunity 
h>r troatinji tnany thoonsticnl ami tochnical qncsations which wc 
have not lionitohn’c. consiilonsd. 

We may invesligati! f»aHeonH oquilihria in sovtsral ways.’ 
If a chnti“« in the number of smeting molecules takes place 
duriiij^ the n^actiem which leads to the (sriiiilihrium, jis, for 
instance, in the reactions--- 

2NOa:^NV)« 

2H(\ + 

we may dct^Tmine the composition by measuring tho changing 
density of the mixture. Wi* Itceamc! acquainto»l in tho Fiftli 
Isjctim* with several examples illustrating this method. Again, 
if tho colour changes, as it thms in the dissociation of nitrogen 
totroxide, we may also investigate the (jqnilibrium colori- 
metrically, as Sulot'^hiis dono. The Natanson brothers ® have 
realiwsl a thin! iswsibility by investigating the velocity of 
sfumd in nitrogen dioxide and tetroxido, using Kundt's 

’ The pliyslcftl itn’i)«tigatbn of eijuttibria by titenns of density detormina- 
tion }« treated very fully by WitMlisch in “IbtsUmmung dos Molekiikr- 
gewidils" (Iferliii, tStei). An exteadod Wbliognijdiy is ^vm In the same 
place, 

» lit ml., «7 (ISfiS), 4S8. 

5 Wir>i. Of mHTtf, m. 
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Ilf Hill 
rfftiili- 
liriiifii, 


3,i6 

nii'ilitrtl III wiiv llp^y i?f 

cliiiiigiiig on llio eonrliiiiiii uf rijnilihiium. 

Phy^irnil *tf l!ii‘i «orl *i*» no! Ai^inth iIpo 

liii tilt! oi!ii»r liiiinl^ t:}i*^iiiir;il^aiiiil)in'iil iipiliol.- *':jiino! 1«* 
fijipliwl \iitlioiii ilMiiin tliiit. For rnti^imm 1411* iif 

tint ga-HotniM hy tm*imn of iili‘4orj4iMii ; llio oflp^r 

jirp.^’iii will mmm4u%u4y !<» i„oio4 flu* 

loBn. If thi^ n’**f»-»rin4lioii itnv iij>}iroriii|i|i* 

riijiitiil)% our liiuilytinil uirilnwl-^^ ?i*44 fur 

wllilt W’ii got hi $mt l!lo miioUlil *4 llir th-nr^*'i **<4n4iti|ii4 
iMitunlly j:iro«'*iii in tin? or|iiilil4-iiiii iiimiuro, mtlm ilmi 
iiiiititiiii iiicuttii«*?il hy %rliiii m ro^oriiis?*! ilnnng^ iJio jiiorrifu nf 
iilinurjitiiiin Tlu* ii*«* ofiiii iiinilvtiail luifiloxi 
lliiii lliu %nslwnly witli w!ii-4i r*ml}w4imnil of ilir^ r*jiiiii!jriiiiii 
|4iiru luw \Hmi i^'r<4il!y ti'^4nrr4* 

Tfit»ru iin* ftiiiiiy wlwt** n pifjiiiliFriuiti i.« trri* 

iliiwly lilHuiifMl, F*ir UmymUmt w'lij. ril4t||o4 li:i tllum* 

II tiiLtiiiri! tif ioiliiip 4iif| lty*iroj|«ii l«» rwar-i f«r ffri'^ fiii«l ii tiiijf 
mGai/iM «t 2Hy F* in utilrf u$ fully utt^iii iiti i’' 4 iiiit!iiriiitii wliicli 
liful lntfUi viiry iiwtrly atlsiuM l*y lu^Jiliiifi. h* 11 loti" 

iiigiii*r fur litii ft whorl wliih*. It- ia r|«*iir lliil in wtir’Ii n r;mr wp 
iummI tint fimr any jwirf^pjilihlu oliniigii #if roffi|p»itioii if ilip gii 
tiiiiium i« nijuilly ito«4«i4 1*1 rirdiiiiiry Ituiijniwliirii ; iipl ili 
iiiiilurii hull uiHiu hruiiglil to llio or«iiitJiry iwiiti 
iims, lliii ** jiamlywii# ** of ilm rpacikui m r'tiiii|4«Hp, iiiul imy 
diitoriniufi tliii iiiiglu niiuwliitninliiof llioiniilufo hy oiir of4iti»ry 
iiiialytiml mutlirali* Iliii iliia }Mfmly#iiii i#f th** hy rutih 

iiig 0 iufiut ttlwiiyw Im niiiritwtl nui. In iJiit fir^i j4»rif^ lln^r# mu 
u<ltiililiria, iiicili m tliitl nf t«irujii*li!, wlirfi? tlu* ii4jiiiit*« 

niitit Cif ill# iii|tsililiriiiiit lulcei j«Ia«i r«jii4ly wo hitig m i!i» 
mlmiAtmm mmm%w4 niiiiaifi In ihu, ^.rroiul phm\ 

ili# nmllmimmti k a mtj mfihl uiip in all mmm if i|i« unnimm* 
turn m atid wit am iituililii lo w4 lint fiiitiiirK 

rijiiilly aitciugli firnwul « cmimiti iifii«iiiiil I’fiPiiiiriil rlmiigr 
flwriiig t!iu mlrjgtmtitm, 

W« will i^ii»i4#f iliia tuttiiur iif vifliMriiy iciiuiwliiii tiior** 
chisffly* Inking the hy4ri«!iii »ci<l wnitlihiiuin im mt p*aiii|#|o. 
AiieiiRliiig hi the fttiuktiiimtol |#rjiirj|4p« mmn iln* 

felmkf uf maeiiun m iletefiniiiial hy tin* Uimrm lint 

fcina^ ami in liiiit tiiiio. Wn riity 
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measure the formation of hydriodic acid from iodine and hydrogen 
according to the formula — 

I2 + 

by determining the decrease in the concentration of the iodine, 
C12, in unit time. For this we get — 

-^ = k'Ci,.Ca, 


where Ch^ signifies the concentration of the hydrogen and Jc' 
what the change in the concentration of the iodine in the unit 
of time would be if we lead in hydrogen in such q[uantity that 
the product Cig X O^h remained equal to unity. K is called the 
velocity constant of the formation of hydriodic acid. The 
opposed reaction — 

2IH->l2 + H2 

can similarly be represented by — 

where k” is the velocity constant for the decomposition of 
hydriodic acid. The two reactions run contrary to one another 
and bring about the change — 

^^ = k'Cu.Ca.,-h"C^K 


When equilibrium is reached, the change- 



dCu. 0 
dt~ 

and — 

/c'Cr, . Ch. = *C®iH 

or — 

// _ (?m 


k” C1.2 . Oh 2 


We have previously called the expression - 

ClH 


^*2 • 


= K 




////■ /.’ >/•</' I ■i . ? Mh 


tlin wjiiiiiJdiim !•«(»., laiil nj I la VV. 

fiirnuilif thal 
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ff«irn ill** 


'riiav.!... lliiiiaiiHfi-iii dV.) hart Jix'rtrtniwi yf!.« iiy r.-fwlmilrt, 

vnlt).- f..r lb* v. Im. ss v r -ir i uif ..f il„. 

ami lliii f»| }iy*!l lirisl, i:\ Itu4 |Ih* tr^loriiv Ilf 
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n«! vihriiy ami r<rtiw'«|i|«.n!)y ih.- ainunutf. 

uinli’r »'«jji)j»njahh! taaidilixiit iin r<ai««« l^•J! I 
{iiiiiirt fdf ji {4Mti|a'iati)ia> »!■«! Ilf ^itij Till* I* ill (i}'r<'w*im«ni with 

till* gmii'nil ruUi, nfconiiiia h' « liirh a ii inp-riUnr** ri««' nf Jir 
(louhlfH tlm vi-Urity uf « muclixii. lUii mir 
f*«l»jecl to rt»rtdii iialiiral Jimiiasiumi. Jf. w„ jJ,.. 

temjiemttira iibivt* a c«rtai» .lifr. riujj in .hih ri ni . aN.x,. 
«lmll hi‘ iiiiiihh* to jiTOVi'iit a ri-rfntn aimuMii r«'«-xi!(l.imiui,n 

taking ilnring ih.. r« rrig. rali..ii. muiurK -i 
whjph we ahrnili! analyze wmihl imi rerr. i.. iIhm 
at the higliest towijairaiure, Imf jM »im nt ^Mimi l^w.-r f. n(}«ra' 
turn when! th« eqiiilihritun hml, a* it »•«.(«*, !«., ji «h< rl ikt-H In* 
till* refrigemtiiiii. 


« Jl-fii. We may rejiwwiit Ui««e ,hnlm iiMiia gra j,hi« ally hy j.a i m .i,g 

wti.taii.iii « <*»«* («»« Fig. 1ft) when! the «!*|«ilil»ri«iiii .xiHiant 
iftef brnraa-aliin!. W« will ri.j.ri!!.«t the rhim,.. „f 

v<'I.»*iiy. Iheirtjiiilihriitm i-i.mitatil hy the arhilrurv h<*a%y lj«r. 

a iiml i, «iir ilcU'riiiitmtioiia will gjv« the tni.' %t,hw »f the 
taiiialaiit K, If w»< raim. the tomin'ratar.' afe.v.' the {...im 
r*«m>»|*}Hiling t« wi* fiml vahtea for K n fih<4 hy i|m 
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dotted line. They are too great, for our rate of cooling is too 
slow to freeze our gas, as it were, in an unchanged condition. 
If w^e lower the temperature to a point below a, we shall no 
longer attain an equilibrium, because now the rate of adjust- 
ment is too slow. We should then get any value in the dotted 
area depending on the composition of our initial mixture. 

Views differ concerning the conditions in this dotted area. 
It is assumed that the longer we wait, the more nearly do the 



equilibrium numbers we obtain approximate to the values 
represented by the heavily shaded curve. 

However, observations have been incidentally made (see False 
Jouniaux’s investigation, p. 13, footnote), according to which 
it is sometimes possible to reach a certain point not far from passive 
equilibrium quite quickly, and yet not be able to get 
farther, even after prolonged waiting. This is often explained, 
especially in the writing of French investigators, on the basis 
of a theory propounded by Duhem. According to this theory, 
a false equilibrium ” has been attained in these cases, which 
is not to be considered simply as di^hase in a slow reaction, 
but as a true halting-place of the reaction. The real point at 
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issue is readily seen if we compare our case with the motion of 
heavy masses on an inclined plane of continually decreasing 
pitch. The usual view would consider the reaction course in 
the dotted area to be comparable to the flowing of a viscous 
liquid down this inclined plane. The rate of flow decreases 
the more the pitch of the plane decreases, but flow would not 
cease till the liquid had reached the lowest point. Duhem, on 
the other hand, would compare the reaction with the sliding 
down of solid bodies ; which, of course, only continues so long as 
the angle of slope exceeds a certain limiting value. In both 
cases we can assume that rise of temperature corresponds to an 
increase in the angle of pitch. Then at high temperature a 
real equilibrium could always be reached. 

While the existence of false equilibria in this sense may be 
questionable, we may consider their existence as beyond 
question in another. Por while it is by no means generally 
admitted that a reaction which has once started can of itself 
come to a real stop before equilibrium is reached, there is no 
doubt, on the other hand, that reactions often do not legin when 
we would expect, from the chemical forces at work, that they 
really should. Phosphorus does not change at all in pure 
oxygen at atmospheric pressure, although it reacts easily with 
dilute oxygen. Similarly, a mixture of hydrogen and chlorine 
in equivalent proportions remains unchanged at ordinary 
temperatures in the dark. If we call the state in which these 
bodies exist a false equilibrium, then there are very many cases 
which could be grouped under this head. These observations 
concern the leginning rather than the continuation of a reaction, 
and may well be considered, provisionally ^t least, as belonging 
to a special class. Pollowing an idea of Ostwald, we may 
compare these cases with that of water contained in a deep 
vessel freely suspended above the earth. The water does not 
run out, because it must first climb up over the rim of the 
vessel. This rim represents a '^passive resistance."' In the 
same way, we may suspect that there is a passive resistance " 
in the chemical illustration cited, which van't Hoff suggested is 
due to the change in the orientation of the molecules which 
must precede the reaction.^ 

1 ^Worlesungen ilber tbeoretische Chemie,” 2nd edit., 1901, vol. i. pp. 
208, 209, and 223. 
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dissolved, to a certain extent at least, in the platinum. The 
same thing applies to any other solid, as glass or porcelain, and 
to any other gases which we may choose to consider in place 
of sulphur dioxide, trioxide, and oxygen. Now, we may cer- 
tainly assume that ecLuilibrium exists between a dissolved gas 
and the same free gas outside. But if both the gas outside in 
the gaseous phase and the gas inside dissolved in the solid phase 
be slowly reacting, then a chemical equilibrium will not exist 
either on the gaseous or the solid side of the boundary layer. 

Each constituent, however, of the system on one side of the 
boundary will be in equilibrium with the same constituent of 
the system on the other side. 

The theoretical difficulty of conceiving that finite forces Experi- 
acting at infinitely small distances equalize themselves at the ^nowiLlgo 
boundary surface, disappears as soon as we assume a partition of yeio- 
equilibrium to exist between the substances on either side of^^^^r^^^ 
this boundary surface. The idea of a slow reaction is by no geneous 
means incompatible with this assumption. Now, to be sure, 
we have no experimental evidence whatever of such traces of 
solution. But this makes no difference with the theoretical 
discussion; for the sole value of this discussion is simply to 
demonstrate the impossibility of reaching any a priori con- 
clusions regarding the velocity with which equilibrium is 
attained in the boundary zone of heterogeneous systems. 

Since theoretical reasons for assuming an equilibrium at the 
boundary of a phase are lacking, let us see if experiment fur- 
nishes us with any information on the subject. Now, Brunner^ 
has shown in several cases that the rate of reaction in the 
boundary layer solid to liquid actually does depend only on the 
rate of diffusion. Nernst has been able to show the quanti- 
tative relation of diffusion velocity and amount transformed by 
a very happy treatment of the matter, and Brunner {loc. cit.) 
has experimentally confirmed his conclusions. Yet when we 
examine more carefully the cases which Brunner studied, we 
see that so far as chemical reasons and not diffusion velocities 
are concerned, we could never expect that the reaction would 
take place with measurable slowness. Eor, in every case, they 
merely involved the addition of a charge to substances going 
over into the ionic condition, and the loss of a charge by ions 
1 Zeitschr.f.physih. Ohemie, 47 (1904), 56. 
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ih + 200 ^ 200.^ 
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with the coal and produce the carbon monoxide which, were 
there time enough for the establishment of eq[iiilibrium, would 
become the chief constituent of the gas mixture. 

Eeyertiiig to our discussion of the catalysis of gas reactions 
by solids, we now see that, if the activity of catalysts depend 
solely on their relative rates of diffusion, the extent of their 
boundary surfaces ought to be the sole determinating factor. 
Observation fails to corroborate this. The catalytic effect of 
platinum on mixtures of sulphur dioxide and oxygen surpasses 
that of finely divided porcelain to a degree which is (][uite 
inexplicable on any possible assumption regarding the relative 
extent of the surfaces exposed. Such cases are numerous. It 
may be remarked that a rise of temperature does not favour 
diffusion and catalysis to the same degree. Thus, with the 
same catalyst chemical influences may be the determinating 
factors at low temperatures and diffusion at high ones. (See 
Appendix, ISTo. 1.) 

It should be remarked that the temperature coefficient of 
diffusion has been compared with the temperature coefficients 
of heterogeneous chemical reactions, in order to decide whether 
the velocity of diffusion differs from the velocity of the chemical 
reaction. Pdsing temperature accelerates diffusion but slightly, 
while it greatly accelerates chemical reactions. 

In the course of a discussion regarding this point between 
Bodenstein and Stock, the (question came up as to what, in this 
sense, a slight or great acceleration was. Bodenstein considered 
that the accelerating effect of temperature was great when at 
high temperatures a rise of increased the velocity constant 
by 20 per cent. Stock disagreed with him.^ Bodenstein was 
certainly right, for as far as our information goes, the co- 
efficient of gaseous diffusion increases no more than proportionally 
to the square of the absolute temperature,^ that is, for a Iff* rise 
of temperature it would increase by 6 to 7 per cent, at ordinary 
temperature, and by 2^ per cent, at 500°. The increase of the 
velocity constant, both of gas reactions and of gas diffusions, 

1 ZeiUchr. f. jphysih 50, 112 (1904). Compare Berl, ZeUschr,/, 

Anorg. Chemie, 44 (1905), 267, whose results, in my opinion, favour the 
reaction velocity rather than the diffusion velocity explanation. 

2 0. E. Meyer, “ Kinetische Theorie der Case,” 2nd edit. (Breslau, 1899), 
S 101. 
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becomes smaller as the temperatare rises, but both preserve 
approximately the ratio of 10 to 1. 

Eeturning to our graphical representation of the matter in 
Fig. 10, we see there is still one other way imaginable of deter- 
mining an eq[uilibrium at low temperatures, to the left of 
without actually reaching it ; that is, as Nernst has pointed out, 
the reaction velooities may be studied.^ (See Appendix, No. II.) 

Nernst made observations on the formation of nitric oxide Nernst’s 
from air at 1538°. He used a platinum tube of 13*5 cm. 
length, of 0*85 cm. bore, and with walls 0*17 mm. thick, with mination 
which to heat his current of gas. This tube was kept hot by 
means of an alternating current of low voltage. A thermo- 
element was inserted in the platinum tube, and a magnesium 
tube, which served to lead the gas out of the zone where the 
platinum was brightly glowing into a cold tube. When simply 
air was forced through, Nernst got the following results : — 


Quantity of air. 

Time 

(niinute.s). 

j 

c.c. NO. j 

c.c. NO per 
minute. 

1-3 

31*5 

c. 0*2 

c. 0*006 

1-0 

70-0 

0-4 

0006 

1*6 

1 145*0 

0*96 

i 

0*0066 


So we see that in the least rapid stream there was 0*96 c.c. Rate of 
NO in 1*6 litre, or 0*6 c.c. per litre. When the velocity was 
greater the yield of nitric oxide per litre of air was smaller, and oxide, 
yet the rate of formation was practically the same in every 
case. 

Nernst similarly conducted a mixture containing 3 per cent. Rate of 
NO and 97 per cent, air through the same tube at the samep®g?^“'^ 
temperature. When t represents the number of minutes of nitric 
required for a litre of this mixture to pass through, he found 
the following quantity, x, of nitric oxide in the escaping gas 
(c.c. per litre) : — 

t X 

0 30*0 

44 19*9 

198 8*2 

1 Gottinger Nachrichten (1904), p. 269. 

S 


258 


THERMOD VNAMICS 


that is, in the slowest current 8*2 c.c. NO remained undecom- 
posed. Evidently eq^uilibriuni was neither reached during the 
formation nor the decomposition. It must have lain between 
the limits of 0*6 c.c., and 8*2 c.c. per litre. The exact place 
where it did lie may be found by a further consideration of the 
numbers given. 

What we said above relative to hydriodic acid applies also 
to the reaction — 

2N0;tN2 + 02 

namely — 

-^ = FCko^-FCn..Co, 

All concentrations may be expressed in cubic centimetres 
per litre of gas, for it does not matter what unit we adopt. 
Suppose that in one case we allow a few cubic centimetres of 
NO to form in a litre of pure air. In another case suppose we 
allow a little NO, in a mixture containing 3 per cent. NO 
and 97 per cent, air, to decompose. Evidently the relative 
amounts of oxygen and nitrogen change but very slightly 
in each case. The product then remains nearly 

constant. Conseq[uently, we are not surprised that the rate of 
formation of NO, represented by the product ^'"CNgCoa; was 
found to approximate closely to 0*0066 c.c. per minute, what- 
ever the velocity of the current of gas happened to be. If we 
further substitute x for the concentration of the nitric oxide 
(measured in c.c. per litre) we obtain at the temperature used 
in this experiment — 

- J = k'x^ - 0-0066 (a) 

dx 

At equilibrium x will have the particular value Xq, and ^ 
will vanish ; hence — 

k'xQ^ = 0 0066 (b) 

Now we are able to calculate the constant Jc' from the 
observations of the rate of decomposition by integrating the 
kinetic equation (a) just given. Nernst found in this way 
that — 


2xok' = 0 0036 
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combining this with we get — 

= 3-7 

That is, when eq^nilibrium is reached at 1538®, there would be 
3*7 c.c. 170 per litre of air. (See Appendix, 17o. III.) 

Let us now return to a discussion of those cases where it is 
possible to reach an equilibrium hj some known experimental 
arrangement. 

It is evident that we must have some method of telling Proof that 
when, or better whether, the equilibrium has been reached, ^rhim^has 
By far the best method for doing this is to approach the really 
equilibrium from both sides. If we obtain the same com- tabUg^ed 
position in each case, we may be sure that equilibrium has really 
been attained. To apply the method, we start in one case with 
the substances on the left-hand side of the reaction equation, 
and in the other with the substances on the right-hand side. 

We ought to get the same value in each case for the equili- 
brium constant calculated from the composition of the escaping 
gases. We must not, however, expect that equilibrium is 
necessarily reached with equal rapidity from both sides. The 
equilibrium constant represents simply the ratio of the velocity 
constant of direct and counter reactions. If it does not 
approximate to unit value, then the velocities of the direct 
and counter reactions will be quite different. 

It is possible, under certain circumstances, to attain equili- Equili- 
brium from each side simultaneously and in the same experi- 
ment. A method used by van Oordt and myself^ in studying from both 
the ammonia equilibrium may serve as an illustration. The®^^®^^ 
arrangement of the apparatus is shown in Fig. 11. We see at the samo 
the extreme right a flask containing the compound of ammonia 
and ammonium nitrate easily decomposed by heat. The flask 
rests upon a ring bent in one end of a straight copper wire, 
whose other end is kept hot by an adjoining burner. A 
constant supply of heat is thus maintained, and in consequence 
a regular stream of ammonia is developed. This stream of 
ammonia is dried by passing over lime. It then passes 
through a bubble counter. A, containing a movable drop of 
mercury, and into the porcelain tube labelled ema, which lies 
in the electrically heated furnace. There are several wads of 
1 ZeUschr.f, anorg. Ghemie^ 44 (1905), p. 341. 
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asbestos in the middle of this tube. 

These had been digested in hydrochloric 
acid till they no longer gave a test for 
iron, then ignited in a stream of hydrogen, 
given another thorough treatment with 
hydrochloric acid, and then finally, after 
washing with water and drying, impreg- ^ 

nated with some ferrous oxalate and 
placed in the tube. At the beginning 
of the experiment the ferrous oxalate . 
was first reduced to metallic iron by 
heating it in a current of hydrogen or 
of ammonia. The gas passed the iron 
asbestos and entered the Vollhard absorp- 
tion flask B, containing sulphuric acid, 
and seen at the extreme left of the 
figure, without ever coming into contact 
with rubber or cork. A glass sleeve 
made tight with red lead served to 
attach this flask to the outlet of the 
porcelain tube. Near this junction was 
a movable mercury seal such as is used 
in ozone experiments. Below it and the 
absorption flask came a bubble-counter C, 
a mercury manometer D, and two stop- 
cocks. The purpose of these stopcocks 
as well as the other details of manipula- 
tion need not be given here. On leaving 
the Vollhard flask the gases passed ^ | 

through a three-way cock E, a tube F 
filled with quicklime and provided with 
a mercury seal, and entered the second 
porcelain tube, which was identical in 
every way with the first. From here they 
again escaped, without ever coming in con- 
tact with rubber, into a second Vollhard 
absorption flask G, to which a gasometer 
or an experimental gas-meter was attached, 
in order to measure the quantity of gas 
passed through the apparatus. 
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la cases where aa equilibrium cannot be reached from both Indirect 
sides, there are several other ways of deciding whether or not that 
the final condition really represents an equilibrium. In the equili- 
first place, the duration of the reaction may be increased in attT^ed 
order to see whether any further change is thereby brought 
about. Again, one can investigate whether the equilibrium 
constant obtained is quite independent of the initial composi- 
tion of the reacting mixture. If these conditions are varied 
over wide limits and yet no change is produced in the equili- 
brium constant, it is reasonable to consider that equilibrium 
has really been attained. Again, if we know the heat of the 
reaction, we may then compute the change of the equilihrium 
constant for a certain moderate change of temperature, using 
the formula of van’t Hoff. If we actually obtain the previously 
calculated value at the higher tern qDerature, it is strong evidence 
that the equilibrium constant was correctly determined. Besides, 

a he 




Figs-. 12. 

if we know the specific heats of the substances involved, then 
a single correct equilibrium determination permits us to find 
the free energy for all temperatures and all compositions. We 
may therefore, in such cases, use observations at widely different 
temperatures to check our results. 

It is often more difficult to further test whetbex or not the Tests 
equilibrium has been displaced iim%g tJu cooling. If onr oven 
has a tubular shape, we may, with Hernst {Loc, cit.), use the Mam has 
above diagram in our discussion (Fig. 12). The gases flow 
through the tube in the direction of the arrow. We assume perioU of 
that the temperature f prevails throughout the length ah, and 
that the gases reach equilihrium in this region. To promote 
this as much as possible, the cross-section of the tube should be 
large, thus diminishing the velocity of the gas. Wherever 
possible we should put catalytic agents in this part of the 
tube, Ve will further assume that at c there prevails such a 
temperature as would wholly ‘"paralyze"' the reaction. Our 
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object then would be to so regulate the flow of the gas and so 
adjust the length that the gas would pass from & to c without 
in the least changing its composition and yet be cooled from 
Our first thought is to decrease the cross-section of the 
tube at this point to capillary dinaensions, and so hasten the 
passage of the gas through the dangerous region. Using such 
an arrangement, one finds in general that the composition of 
the gases escaping at c at first depends on the rate of flow ; but 
when this is increased beyond a certain point, the composition 
remains constant. The natural and agreeable conclusion from 
this is, that at low velocities the composition changes in passing 
from 1 to c, but that when the velocity is sufficiently increased ^ 
this displacement no longer occurs, and the escaping gases 
correspond to the equilibrium condition, provided the equili- 
brium condition has been reached between a an4 Yet this 
conclusion may well be a wrong one, because we know that at 
high velocities this last provision is not fulfilled. Most of the 
uncertainty may be removed by trying to reach the equilibrium 
from the other side. In each case the limiting velocity is found 
above which the composition is independent of the velocity, and 
the equilibrium constants which are then determined ought 
to be equal. But another source of uncertainty still remains. 
As Nernst emphasizes, an increase in the velocity does not 
necessarily mean an increase in the rate of cooling. The more 
rapid current carries more heat along with it, and so prolongs 
the stretch in which the temperature is falling from t Such 

an experiment would only yield conclusive results when the 
apparatus is changed^ as, for instance, by the addition of a 
cooling-jacket, so that the length of the tube in wMch the 
temperature is falling remains constant in spite of the increasing 
velocity. 

This uncertainty is eliminated if we are able to use such a 
low temperature in the region ah that we may assume that 
the reaction practically ceases when tBte gas escapes from it 
and loses contact with the catalyst. But with gases at high 
temperatures we must always take the above fact into con- 
sideration, for all substances at sufficient high temperature act 
catalytically on gas reactions. 

We may be most certain of our results when, as Bodenstein 
did in the case of hydriodic acid, we measure not ‘only the 
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equilibrium constant, but also the velocity constants of the direct 
and counter reactions. Por if in the equilibrium determination 
the point we find lies out beyond h (Fig. 10) on the dotted line, 
it will be disclosed very clearly by an abnormal variation of the 
velocity constant. 

We will finally mention an instructive idea of Iferast’s/ Nemst’s 
which will show the significance of the rate of cooling in a 
somewhat different light. We will first assume, for the sake of placement 
illustration, that a mixture of nitric oxide, nitrogen and oxygen 
in equilibrium at 4200"^ is escaping from a flame. The flame brium 
represents a plane surface, and the gas mixture is moving in 
‘ a direction normal to this surface, and so suffers a very rature 
rapid cooling along a very short distance. Let us assume, 
that the cooling amounts to 1000® per millimetre, and that the 
equilibrium corresponding to each temperature in every thin 
lamella along the path is instantaneously adjusted. Then the 
composition of the mixture will be decidedly different, even at 
a distance of a single millimetre from the flame. The partial 
pressure of the NO will have sunk to about half its original value, 
while the partial pressure of the oxygen and nitrogen will have 
increased very slightly to counterbalance this. Diffusion will 
therefore tend to force NO out of the flame into the cooler 
region, while oxygen and nitrogen, on the other hand, will tend 
to diffuse back into the flame. The equilibrium in the various 
layers will, nevertheless, remain undisturbed, so long as the 
chemical reaction takes place rapidly enough to replace or 
remove these diffused gases, which would otherwise disturb the 
equilibrium. But as soon as the reaction becomes so slow^ 


1 “ Boltzmann-Festschrift ” (Leipzig, 1903), p. 905. 

^ The mathematical theory given by Nernst (loc, cit,) for the conditions in Mathe- 


each separate layer may be stated as follows : Consider a layer of unit matical 

volume (1 litre), in which the mass of the nitric oxide (measured in mols, 

i,e. Cm) experiences a certain increase in the time dt^ which may he repre- ditfu- 


sented by — sion con- 

stant and 
the velo- 
city con- 

Since unit mass (in mols) exerts the pressure KT in unit volume (1 litre) 

(R = 0*0821 litre atmospheres), then the increment of the pressure in the according 
layer is — toNemst. 

dcifio , 

dt 


dcm 
. dt 


RT X 


X dt 


- X dt 
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that it can no longer do this, diffusion forces more and more 
nitric oxide out of the flame, and more and more oxygen and 

Similarly the mass increases in a layer of thickness dx and area by the 
amount — 

2 X X dt 

^ dt 

and the partial pressure of the nitric oxide by — 

-^Tqdx xdt 

Since this increase is due to diffusion, those principles apply which were 
first enunciated by Fourier (Mach, ‘‘ Prinzipien der Warmelehre ” (Leipzig, 
1900), p. 83 ff.) for the conduction of heat, and later used by Pick {Fogy, 
A7m.^ 94 (1855), 59) in the study of difiusion. According to these principles 
the increase of the partial pressure ^>^^0 is — 

T)qd% X X dt 

when D is the diffusion constant. We may best get a conception of the 
significance of this diffusion constant if we imagine two immense closed 
spaces at the same temperature throughout. There is nitric oxide in one of 
the spaces, and a mixture of nitrogen and oxygen in the other, both at 
atmospheric pressure. In the first there is no oxygen or nitrogen, in the 
second no nitric oxide. We join the two spaces by a tube 1 cm. longj and 
of 1 sq. era. cross-section. The amount of nitric oxide diffusing through in 
one second represents the diffusion constant. 

If, then, the chemical reaction destroys exactly as much nitric’ oxide as 
diffusion brings to that particular layer, then the condition is a stationary 
one. Now, in accordance with well-known principles, the rate of decompo- 
sition of nitric oxide at any given temperature is represented by — 

V r 

•— /C (/ J5IO ^ ^ ^ ^02 

The decrease of its partial pressure — 

may then, in so far as it is due to decomposition of NO into the elements, 
be represented by — 

ETgefaj X dt(Jc'c\Q — X 

This expression must be equal in the stationary condition to the increase 
of the partial pressure due to the diffusion 

Tiqdx^d 

It therefore follows that — 

D^=ET(i'c%-A%,xco,) 

It is easier to evaluate the rightrhand members of the equation than the 
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nitrogen into it. Consequently, the composition of the gas 
mixture in the cool zone approximates nearer and nearer to 
that in the hottest zone the less the velocity of the reaction 
becomes and the shorter the length through which diffusion 
can act. The diffusion velocity of gases increases rapidly with 
the temperature. It should, according to the kinetic theory of 
gases, increase with the 1*5 power of the absolute temperature. 

Actual experiment at relatively low temperatures indicates that 
it actually increases with the 1*7 to 2*0 power of the absolute 
temperature. This explains why, in cooling a gas from a very 
high temperature, the effect of diffusion outweighs that of 
reaction velocity, and makes the composition of the mixture 
in the cooling zone approximate to that of the equilibrium 
mixture in the flame itself. 

We shall now examine a little more closely, in the light The 
of these observations, the equilibrium attained in the formation of^^tric^ 
of nitric oxide from its elements, as studied by Nernst. This oxide in 
equilibrium is of especial interest, because the temperature at 
which oxygen and nitrogen react is very high. Nernst made oxy-hy- 
use of some explosion experiments of Bunsen ^ to determine mi^^Ses 
the position of equilibrium at this high temperature. coutaining 

Bunsen exploded equivalent mixtures of oxygen and hydrogen 
to which air had been added, and found the values given in the 
following tables : — 


1 

^'olume of oxy- ! 
hydrogen mixture 
per lou vol8. air. 

Residual air 
(per cent.). i 

Per cent. NO. | 

1 

Temperature, 
degrees 0. 

1 

1 

64-31 

99-90 ^ 

^ 0*07 ^ 

2200 

2 

78-70 

99-43 

0-38 

2500 

3 

97-84 

96-92 

2-05 

2700 

4 

226-04 

88-56 

7*63 

3200 


left, because the diffusion constant depends, in the first place, on the tem- 
perature of the gas mixture, and, in the second, on the composition of the gas 
mixture. Similarly the increase in rate of the partial pressure change — 

depends on these same variables, though in a different way. 

^ Gasometrische Metlioden” (2nd edit.)^ p. 73. Braunschweig, 1877. 
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From tMs Kernst calculated the percentage of nitric oxide pro- 
duced in the explosion. The fact that the nitric oxide formed 
reacted with the oxygen to form nitrogen peroxide was taken 
into consideration in the calculation. When this has been 
absorbed we get the “residual air’’ given by Bunsen in the 
table. The formation of nitrogen peroxide uses up half a volume 
02for every volume hTO, so that two-thirds of the deficit between 
the 100 c.c. of air taken and the residual air ” equals the 
volume of the entire nitric oxide produced. The temperatures 
appended to the table represent the maximum temperatures 
attained in the explosion. It was, of course, impossible to 
measure them directly. They may be calculated, however, from 
the specific heats of air, nitric oxide, and the oxy-hydrogen 
mixture, and from the heat of formation of water-vapour and of 
nitric oxide. Nernst used Langen’s values for these quantities. 
Since the specific heats of hydrogen, oxygen, nitrogen, and 
nitric oxide are nearly identical, and have in addition the same 
temperature coefficients characteristic of all diatomic, per- 
manent gases, this calculation is not so uncertain. It 
naturally makes some difference in this case what the heat 
loss due to radiation was, and what allowance was made for it, 
hut Nernst ^ says nothing about it. 

Oonclu- Without knowing more about the equilibrium we could 
tbTexp^^ draw no conclusions from the numbers given in the table. But 
Sion ex- Nernst’s observations in his hot tube at lower temperatures 
penments. clearly that the value 0*07 for 2200° is smaller than 
corresponds to the equilibrium. (See the record of later 

experiments in Appendix, No. V.) Even at 2500° the equili- 
brium is certainly not reached. It therefore appears that the 
exceedingly short interval of time in which the explosion 
of the oxy-hydrogen mixture heats the air to something like 
2200° does not suffice for the establishment of equilibrium. We 
could determine the length of this interval of time if we knew 
the velocity of propagation of the explosion, and the rate at 
which the gas cooled. But neither of these values can be 
obtained directly from Bunsen’s experiments. The rate of 

1 In regard to the radiation from flames, see R. v. Helmholtz, tlber die 
Licht- und Warmestrahlung verbrennender Gase ” (prize essay presented to 
the Yereins zur Befdrdemng des Gewerbefleisses in Preussen, Berlin, 1890). 
See also, Nernst, Fhysihalische Zeitschr,, 5 (1904), p. 777. 
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cooling depended on the width of the eudiometer tube. It was 
much greater in narrow than in wide vessels. The velocity of 
propagation in the eudiometer which he used was not constant, 
hut increased as the flame advanced. We may perhaps assume 
that in Bunsen’s experiment the maximum temperature was 
maintained for about the one-thousandth part of a second. In 
any case, we may conclude that, using the explosion method, the 
point a (Fig. 10) in this case must lie at least as high as 2500° 

On the other hand, experiments three and four lie in the region 
ahj where equilibrium is attained ; for the value of equilibrium 
constant determined by Hernst at lower temperatures extra- 
polated to their temperatures shows a satisfactory agreement 
with them (p. 106). 

We may here appropriately discuss the preparation of nitric The 
oxide from the air on a technical scale. (See Appendix, iNos. IV., 

V., and VI.) This process, which we may call the '' burning of tion of 
air,” is of the very greatest technical importance, because from 
nitric oxide, air, and water we can make nitric acid, and 
from this the nitrates which are of such fundamental import- 
ance in agriculture and the manufacture of explosives. It 
is estimated that the saltpetre beds of Chili will be exhausted 
by 1940.^ No other natural deposits of importance are known. 
Attempts to fix the atmospheric nitrogen by heating calcium 
carbide and to then obtain a fertilizer which could take the 
place of saltpetre have been successful so far as the process 
itself is concerned, but is doubtful how far this fertilizer can 
be substituted for saltpetre, and its transformation, first into 
ammonia salt and further into nitrates, does not stand perhaps 
on so favourable an economic basis as does the burning of the 
air. It is possible to get nitric acid by the oxidation of 
ammonia with oxygen, and ammonia may be obtained in great 
quantities from the distillation (Mond) of coal. But it seems 
that this change is always connected with an appreciable loss of 
ammonia transformed into nitrogen, so that here too the economic 
basis is less favourable than in the burning of air, where all that 
is needed to produce nitric acid is air, water, and power. 

Let us now examine from this theoretical standpoint the The 
actual attempts which have been made to effect this combustion 

^ Sigfrid Edstrdm, Transactions of the American Electrochemical Society^ 
vol. vi. p, 16 (1904). 
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4*71 kilowatt hours for 630 grms. HNO3. The yield then, per 
kilowatt hour, would be 134 grms, HNOs. In practice it is usual 
to take the kilowatt year as a unit, it equalling 365 X 24 = 8760 
kilowatt hours. It follows that the possible yield from one 
kilowatt year would be about 1174 kgs. of nitric acid. 

Let us, in the second place, assume that it would be possible The case 
to have the arc burn at a temperature 1000° lower. The nitric 
oxide concentration at equilibrium would then be but half as 
great as before. The energy needed to heat 100 mols of the gas 
would be — 

= 100(6-8 + 0-0006 x 3200)3200 = 2,790,400 cal. 

The formation of 5 mols NO would require 108,000 cal. 

The total consumption of energy would then be 2,898,400 cal. In 
electrical units this would be 3'37 kilowatt hours. But our yield 
of nitric acid would only be 315 grms. The theoretical yield in 
this case has therefore sunk to 93 5 grms. per kilowatt hour, or 
819 kgs. nitric acid per kilowatt year. Lowering the temperature Advan- 
thus diminishes the possible yield. It also involves increased 
difficulty in the subsequent treatment of the gas, for while it is tempera- 
relatively easy to transform concentrated nitric oxides quite 
completely into nitric acid by the use of air and water, it is 
difficult to effect the same conversion with dilute vapours. 

On the other hand, the use of low temperatures offers two Advan- 
ad vantages. The explosion experiments of Bunsen show that ® 
no matter how short the period of reaction is made, there would perature. 
still be time enough for the adjustment of the equilibrium. It 
would be practically impossible to force air through an arc at a 
rate which would exceed that of the explosion of an oxy-hydrogen 
mixture. But experiment has repeatedly shown that the equili- 
brium attained at 3200° is permanently paralyzed the instant it 
enters the cooling zone, while at 4200° the readjustment of the 
gaseous system is so rapid a one that a part, at least, of the 
nitric oxide formed certainly reverts to nitrogen and oxygen, 
unless some special device be used to increase the rate of cool- 
ing. One advantage of a low temperature, then, is that it better 
avoids the reconversion of the nitric oxide. 

Another advantage lies in the fact that the loss of heat 
energy by radiation is less at the lower temperature. The 
radiation of heat by gases increases with the temperature much 
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again. The form of vessel they finally chose is illustrated 
in Figs. 13 and 14. The air enters the vessel at D at the rate of 
20 liters per hour. A and A' are the electrodes, and E a glass- 
covered observation-hole in the earthenware vessel. McDougall 
and Howies obtained 34 grms. of nitric acid per kilowatt-hour 
under the most favourable conditions, using air. Using Lord 
Eayleigh’s mixture of oxygen and air they obtained 67 grms. 
McDougall and Howies instinctively ascribed their double yield 
from a mixture containing 67 per cent. O 2 and 33 per cent. N 2 , 
20*9 per cent. O 2 and 791 N 2 (air) instead of to mass action. 
Since the rate at which the nitric oxide is formed is dependent 
on the product — 

CiV., X C02 



and since this expression has its maximum value in a mixture 
containing equal parts of both gases, it is certainly clear that a 
mixture containing 33 per cent, nitrogen and 67 per cent, 
oxygen will react quicker than air. But the rate of NO forma- 
tion is quite inconsequential, for in all cases there is time enough 
for the attainment of the equilibrium at the temperature of the 
arc. McDougall and Howies have therefore overestimated the 
importance of mass action here, just as others have done in 
the preparation of sulphuric acid (p. 199). 

One might at first lay stress upon the view that the substi- The 
tution of a mixture of one-third nitrogen and two-thirds oxygen 
for air would increase the NO concentration at equilibrium. 
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since the temperature and consequently the equilibrium con- 
stant is not changed. The arc which McDougall and Howies 
used was certainly very hot. We shall not be very greatly in 
error if we place its temperature at 4200°. With air this would 
correspond to a NO content of 10 per cent. ; with the mixture 
containing more oxygen it would correspond to 12*5 per cent. 
This evidently does not explain a doubling of the yield. The 
only conceivable explanation from this point of view is that 
when oxygen is used the equilibrium is “ frozen/' or fixed, much 
more quickly in the cooling zone than when air alone is used. 
But there is absolutely no reason for believing this would he the 
case. Indeed, with the same rate of cooling, the decomposition 
of the nitric oxide would be decidedly more rapid in the mixture 
where it was the more concentrated, for the rate of its decom- 
position is proportional to the sqyiart of its concentration. 

The matter becomes a little more comprehensible when we 
note the statement of McDougall and Howies that in their most 
successful experiments with air (34 grms. yield of HNOa per 
kilowatt hour) 51*5 per cent, of the oxygen of the air was used 
up in forming nitric acid. Of the 21 per cent, by volume of 
oxygen which air contains, there were used — 

In forming NO 3*716 ]Der cent. 

In controverting NO into N 2 O 5 . . 5*574 „ 

The composition of the gas at which the equilibrium stopped as 
the gas cooled, was therefore — 

N 2 O 2 NO 

75*28 per cent. 17*28 per cent. 7*44 per cent. 

A reversion from the assumed 10 per cent. NO content in the 
hottest zone to 7*5 per cent, is easily credible. By using a 
similar arc and forcing the hot gases directly into a tube kept 
cool with running water. Erode ^ was able to obtain almost 
the same amount. Muthmann and Hofer^ with similar arcs 
found a 6*7 per cent, content of NO without using any such 
cooling device. To explain the increased yield of NO in 
McDougall and Howies' experiments on the basis of mass action 

1 “ Habilitationsschrift ” at Karlsruhe (1905)1 

2 B«rl. Ber., 36 (1903), 438. 
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would necessitate assuming that 15 per cent. NO was not only 
formed but also retained in the gas, neither of which assumptions 
is at all plausible. The improved yield must rather have 
been due to some unintentional change in the arc. The great 
influence of the particular conditions under which the arc burns 
is clearly shown by the experiments of McDougall and Howies 
on this point. 

Indeed, working under the same conditions they obtained Influence 
in the same time almost identical amounts of nitric acid, using ® 
in one case 174 watts per second and in another 302 watts the arc as 
(current strength 018 to 0*34 amp.). 130 watts was therefore 
wasted in the second case simply in radiation. If we use Bougall 
the fixed arc of McDougall and Howies, we are unable to Howies, 
produce long arcs without a large consumption of electricity. 

We get short and thick arcs, in which the gas lingers too long, 
and needlessly radiates its heat away. We could accomplish 
much more if some arrangement were used in which the arc is 
kindled and expands through a great volume of air, and when it 
goes out is quickly kindled again. In this way we should 
obtain long, thin, thread-like arcs which would heat every 
part of the air through which they pass for an excessively 
short period of time. The amount of useless radiation and 
consequent loss of energy would be reduced. At the same 
time the rate of cooling in this way would be very rapid. 

Bradley and Lovejoy ^ on the one hand, and Birkeland and 
Eyde ^ on the other, have followed out these considerations. (See 
Appendices, Nos. IV., Y., and VI.) 

Bradley and Lovejoy used mechanical, Birkeland and Eyde Teclmical 
magnetic, means to realize the above conditions Bradley and 
Lovejoy constructed an iron cylinder 1*54 metres high and 1*23 and Love- 
metres in diameter. A steel tube was placed in the longitudinal J^^* 
axis of the cylinder and was rotated at the rate of 500 turns per 
minute by an electric motor. This tube was connected electri- 
cally with the positive pole : 23 brass collars were fastened 
one above the other along it. Six metal posts were attached 
to the outer circumference of each of these collars at an angular 
distance of 60° from one another, and all pointing in the same 
horizontal plane. Each post was tipped by a platinum needle 

^ Siehe Zeitschr.f, EUMrochcmie, 9 (1903), 382. 

For data see Zeitachr.f.angew, Ghemie 18 (1905), 217. 
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0*1 mm. in diameter. Corresponding to tliese crowns of tliorns, 

6 rows of 23 opposite electrodes were led in through the walls 
of the iron cylinder. They were insulated by short porcelain 
tubes, and each was connected to the negative pole of the 
dynamo. Each of the 23 collars, or crowns, was turned 2*5® 
around its neighbour immediately below. Turning the steel 
tube 2*5° about its axis, therefore, brought each needle exactly 
above the place where the corresponding needle of the next 
lower collar had been before. The opposite electrodes were 
small platinum-iridium hooks, and whenever a point got near 
a hook the spark struck across and the arc was lighted. The 
rapid turning of the axis steadily lengthened the arc till it 
finally broke at a length of some 15 cms. Meanwhile, the arc 
had been kindled on the points of other collars, and these arcs 
in turn were stretched and broken. In this way some 6900 
§,rcs were formed every second. There were between 250 and 
300 arcs burning at the same time. A direct current of 10,000 
watts fed these arcs. It was supplied at a pressure of 10,000 
volts. The heating current was then 1 ampere and the current 
per arc about 3 x 10~^ ampere. These tiny current strengths, 
and the great average length of the arcs, naturally resulted in 
making the arcs extremely thin. The air blown into the vessel 
could, therefore, only remain for the briefest instant in the arc 
long enough to allow for the heating of the gases and the 
adjustment of the equilibrium, but affording much less oppor- 
tunity for recombination or loss by radiation than did the 
apparatus of McDougall and Howies. Although the apparatus 
makes it easy for the gases to enter a second arc and so be heated 
again, stiU the yields with this apparatus are much better than 
in the arc of McDougall and Howies. 88*3 grins, of nitric acid 
per kilowatt hour, or 770 kgs. per kilowatt year, was obtained. 
Teolinical Birkeland and Eyde have devised an apparatus which is 
of distinctly superior to that of Bradley and Lovejoy. By its 

land and means they have been able to obtain a still better yield of 
nitric acid per kilowatt. The principle of the apparatus is 
illustrated in Fig. 15. An alternating- current arc bums under 
high tension^ between copper poles. A strong magnetic field, 

^ Birkeland and Eyde’s method is in practical operation at the works of 
the Actieselskabet det Norske Kvaelstofcompagni, in Arundel, Norway. 
Bradley and Lovejoy’s method does not appear to be in operation. 
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set up by a direct current, constantly ^'blows’' the arc away 
from its starting-point, so that it is forced outward into semi- 
circular form and finally broken off. One arc follows the other. 
Those belonging to one phase of the alternating current are 
blown upward, those belonging to the opposite phase are blown 
downward. The condition of affairs indicated by dotted lines 
in the figure is thus brought about. The whole plate-shaped 
arc is contained in a flat chamber through which the air is 
passed. The yield is said to amount to 900 kilograms per 
kilowatt year, and sometimes to as much as 950 kilograms. 

The form of apparatus devised by Birkeland and Eyde, like 
that of Bradley and Lovejoy, furnishes an excess of air to the 
gases after they have passed through the arc. Therefore the 



Fig. 15 . 


escaping gases in both types of apparatus contain only 2*3 
per cent, of nitrous vapours or even less. NO 2 is the principal 
constituent, because conversion into ^204 does not take place 
to a large extent at such small partial pressures, though the 
temperature is low. 

Comparing rhe actual yields with the theoretical require- ^ 
ments, we see that it will be difficult to make much further resuUs^^^ 
progress in this direction. The 900 kgs. per kilowatt year co^klered 
already amounts to four-fifths of the theoretically possible yield theoretical 
when we instantaneously cool gases heated to 4200°. If we heat stand- 
the gas beforehand in some cheaper way it will improve matters, * 
provided the rapidity of cooling is not lessened by so doing. 

Howies and McDougall got poorer yields when they used heated 
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air. Besides, the improvement of the yield per unit of energy 
is no longer the point of greatest importance : 900 kgs. of 
nitric acid corresponds to 200 kgs. of nitrogen in the combined 
condition. Combined nitrogen has a market value of about 
25 cents per kg. A kilowatt hour per year, or a kilowatt 
year costs in favourable localities about $10.00. This means 
that the yield of nitric acid pays for the power five times over.^ 

Under these circumstances we see that the technical solution 
of the problem depends on how simply and completely we can 
convert the oxides of nitrogen into nitric acid. This part of 
the procedure is materially assisted by keeping the percentage 
content of oxides of nitrogen as high as possible in the gases 
from the arc. It follows from this that a further perfection 
of the electrical part of the process should keep this in view, 
and hence strive both for an increase in the temperature of the 
arc, and an increased rapidity of cooling, avoiding also any 
subsequent dilution of the gas. 

Nernst’s calculations of the equilibria in Bunsen’s explosion 
experiments are not wholly unique. Calculations by Hoitsema 
dealing with the water-gas equilibrium have been mentioned 
before, and there exists, too, Le Chatelier’s ^ treatment of the 
Deacon process on the basis of Hautefeuille’s and Margottet’s ® 
experiments on the partition of hydrogen between chlorine and 
oxygen when the three gases are exploded together. The 
idea itself, of determining the relative concentration in the 
equilibrium at the temperature of the explosion by measuring 
the distribution in the product, was enunciated by Horstmann 
at a very early date. 

Nevertheless, the earlier calculations were made either in 
cases where the specific heats were too uncertain, or where the 
rates of reaction and of cooling were not considered; but, instead, 
it was assumed that equilibrium was always attained, and that 
it was not displaced during the cooling. 

If we would gain an insight into equilibrium conditions at 

^ It seems, however, that the result of 900 kgs. per kilowatt year is not 
the regular one. The guarantee given by Birkeland and Eyde does not exceed, 
up to date, a yield of 660 kgs. per kilowatt year working on a commercial 
scale. 

^ Comjpt Rend,, 109, 664. 

3 Ibid., 109, 641 
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high temperatures, it is evidently of prime importance to be 
able to measure these high temperatures with certainty. We 
saw, to be sure, in the Fifth Lecture, that theoretically it is 
possible to deduce both the temperature and the location of the 
equilibrium simultaneously from measurements of the explosion 
pressures. But we also learned there what uncertainties beset 
this method of Le Chatelier and Mallard. It therefore becomes 
of especial interest to know how temperatures above the range 
of our ordinary instruments can be optically measured.^ 

As early as the sixties Ed. Becquerel ^ used the radiation 
from incandescent solids as an index of their temperature. 
Le Chatelier first made the method practically available. From 
this it was but a short step to measure ^ photometrically the 
intensity of the light radiated from a body at relatively low 
and independently known temperatures, and having then found 
an empirical formula expressing the total brightness per unit 
area as a function of the temperature, to extrapolate from it 
into regions of high and unknown temperatures. But these 
optical methods have only found general acceptance within the 
last few years, when the study of radiation phenomena has given 
us a clearer conception of the fundamental laws of radiation. 

The laws of radiation have been investigated bolometrically ; 
that is, an apparatus has been employed which absorbs incident 
rays of all lengths which contribute towards raising the tem- 
perature. The rise in temperature produced can be followed 
very accurately by measuring the change in resistonce of the 
substance absorbing the radiation, provided this substance is a 
metallic conductor. A compact system of fine platinized platinum 
strips is most suitable for this purpose. The bolometer is an 
invaluable appliance for measuring radiation, because it is 
sensitive both for the longest wave-lengths of heat and the 
shortest wave-lengths of light. Its use, however, requires such 
care and perseverance as to almost entirely preclude its use as 
an accessory method for measuring temperature. The result of 
bolometric investigations have not, therefore, sufficed to establish 
a practical bolometric system of temperature measurement. 


Older 
attempts 
to measure 
tempera- 
ture opti- 
cally. 


Bolomo- 
tric iu- 
vestiga- 
tiou of the 
lawB of 
radiation, 


1 W. 0. Heraus has recently constructed a thermoelement which can bo 
used up to 2000®. The appliance, however, has not yet been fully perfected. 

- Ed. Becquerel, Ann, Ghim, Bhys.^ 80(1863), 49, 

Le Chatelier, Compt, Bend,^ 114 (1892)^ 214. 
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phenomenon of luminescence in the green inner cone of a 
Bunsen flame burning with an abundant air-supply, and more 
generally in every explosion of gases. (See Appendix, No. VII.) 

Every gas flame from which solid particles (of carbon) or the 
vapours of salt are absent shines chiefly, if not exclusively, 
because of luminescence. On the other hand, solid bodies 
exhibit this phenomena at high temperatures with comparative 
rarity. 

Bodies which are not absolutely black either transmit radia- Solid 
tion or reflect it. If the coefficient of reflection ^ and of trans- 
parency^ for a certain temperature is given, then the coefficient 
of absorption ^ and at the same time the coefficient of emission 
are known (taking the coefficient of emission of the absolute 
black body as unity). We see immediately that the trans- 
parency of many solid substances is zero. No heat or light 
rays can pass through a piece of carbon, of platinum, or any 
similar material of any appreciable thickness at any tempera- 
ture. The difference between their radiation and that of the 
absolute black body is based, then, solely on their different 
powers of reflection. 

Flames in which solid particles, or the vapours of a salt Flames, 
are glowing, leaving luminescence out of account, present in 
general quite a different case. An ordinary flame of illuminat- 
ing gas in which solid particles of carbon are glowing, is still 
highly transparent to radiation, as evidenced by our ability 
to see through it. The more glowing particles it contains, the 
more opaque it becomes. It must be considered quite opaque 
when a mirror or a second similar flame placed behind it no 
longer increases its luminosity. On the other hand, the re- 
flecting power of such flames is almost always very small. 

We can convince ourselves of this by directing a beam of 
sunlight or light from an electric arc transversely through the 
flame, and again observing the previously measured radiation. 

If this has been perceptibly increased, it is evident that the 
flame has reflected a part of the incident radiation. If it does 
not increase, then the flame can have no perceptible reflecting 
power. 

^ That is, the fraction of the radiation which is reflected. 

2 That is, the fraction of the radiation which is allowed to pass through, 

3 That is, the fraction of the radiation which is absorbed. 
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from the very shortest waves up to 19 fi — often, indeed, further. 

And it is precisely the non-visible radiation wliich is of 
paramount importance from a bolometric point of view, 
because at all temperatures attainable in practice, its energy 
of radiation is tremendously greater than that of the visible 
radiation. 

The second principle enunciated by Kirchhoff upon wdiich Kirch- 
the theory of radiation is based concerns the actual realization second 
of an absolutely black body. Kirchhoff pointed out that black pni^ciple. 
radiation must exist in every completely enclosed cavity 
whose walls were opaque and at the same temperature. Every 
bundle of rays in such a cavity would b^ identical both in 
quality and in intensity with the radiation from an absolutely 
black body at the same temperature.^ 

Starting from this principle, it was but a short step to ' 

actual realization of the absolutely black body. Yet this step the abso- 
was not made till some forty years afterwards by Wien and 
Lummer.^ body. 

If, indeed, every bundle of rays in a closed isothermal cavity 
surrounded by opaque walls exactly corresponds to radiation 
from an absolutely black body, then the rays which issue from 
a small opening out of such a cavity would not differ by a 
measurable amount from black radiation. If we would be 
very cautious, we may line the inside of the cavity with a layer 
of non-reflecting material. Lummer and Pringsheim ® chose a 
mixture of chromium, nickel, and cobalt oxide for tliis purpose. 

Their later experiments showed that such niceties were not 
necessary. '' Black radiation is emitted from every cavity 
where the opening is not altogether too large. 

Lummer and Pringsheim used a porcelain tube closed at Experi- 
one end as a cavity. It was open in front and encased in sheet 
platinum, which was kept heated to incandescence by an and 
electric current. The temperature inside this tube was measured 
by means of a thermoelement (platinum — platinum-rhodium, 
after Le Chatelier). By this means the relation between the 
black radiation and the temperature could be followed up to 

^ For the proof of this see Pringsheim, Verhandl. d, Deutschen jphysih. 
QeselUchaft, 3 (1901), 83. 

2 Wien and Lummer, Wied. Ann., 56 (1895), 451. 

^ Verhandl, d. Beulschen physih, Geselhchaffj Bd. 1 (1899), 23 and 215. 
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1500°. The observations confirmed in a most striking fashion 
a law which Stefan had originally obtained empirically, but 
which Boltzmann had later deduced^ from theoretical con- 
siderations with the necessary limitation to radiation from an 
absolutely black body. 

This law says that the sum total of the radiation emitted 
by an absolutely black body at the absolute temperature T 
is proportional to the fourth power of the absolute tempera- 
ture.^ 

If we call E the intensity of radiation, then EfZX repre- 
sents the radiant energy for an infinitely narrow strip of the 
spectrum. (The letter X here represents the wave-length.) The 

^ Wied. Ann. der Fhysih, 22 (1884), 31 and 291. 

^ The law can be viewed as a simple consequence of the relation (p. 22) 
which stated that — 


lladiation, being a progressive wave-motion, exerts a pressure upon the 
structure it strikes (like every progressive wave on a water surface). Now, 
the pressure which gas molecules exert on the plain walls of a containing 
vessel because of their impacts from all directions can be mathematically 
replaced, as Joule first showed (0. K. Meyer, Kin. Tlieorie der Oase (Breslau, 
1899), § 10), by just one-third the number of exactly perpendicular 
impacts. In the same way we may imagine the pressure exerted by the 
diffuse radiation against an absolutely black surface as having been caused by 
a precisely normal radiation of one-third the intensity. But it is the peculiarity 
of tlie absolutely black bod}'' that it absor^ s all the rays which strike it. It 
therefore follows that one-third of all the radiation which the walls ahsorh 
appears as pressure, and would be capable of doing work were the absolutely 
black body connected to some suitable machine. Equilibrium, with a maxi- 
mum production of work, would therefore only be obtained on the surface of 
an absolutely black body at a constant temperature and with radiation E 
incident from all directions, when one-third of the radiant energy E absorbed 
is given off as mechanical work. Then the quantity of the total energy U 
given off is equal to - E, and the work done A is equal to ^jE, and it 
follows that — 


-E = p - 


TdE 

3dT 


or 


4E 



Integration gives us the Stefan-Boltzmann law. 
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total radiation of the absolutely black body is therefore, according 
to Stefan-Boltzmanu — 



cc 

E(^A=:S.T4 

0 


where s is a constant to be experimentally determined. 
Measurements by Lummer and Pringsheim at known tempera- 
tures up to 1500° agreed excellently with this formula. 
Knowing 5 from these 
measurements, it was then 
possible to reverse the 
procedure and to calculate so 
temperatures up to 2000° 
from observations of the 70 
radiation of an absolutely 
black body by means of 
the bolometer. The abso- 
lutely black body con- 
sisted of a carbon tube 
with thickened ends, to 
which the current leads 40 

were attached. 

The relation between 30 

radiant energy, wave- 
length, and temperature, 
at various temperatures 
of the absolutely black 
body, is represented in 
Pig. 16. The wave-lengths 
in /i’s (thousandths of a 0 ^ 

millimetre) are plotted 
horizontally, and inten- 
sities of radiation, measured in arbitrary units, are plotted 
vertically. It is remarkable how small the visible fraction 
(between 0*4 and 0*8 /x) of total radiation is, even at the 
highest temperature (absolute) given in the diagram. 

The single observations seen upon the highest of the radi- 
ation curves in Fig. 16 were obtained by measuring the radiation 
with the bolometer after the radiation had been resolved into 
a spectrum. The resolution is best brought about by using a 



Fig. 16 . 
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prism of sylvin, which iis transparent for very long waves (19/x) 
(fluor-spar is only transparent up to 12/x). 

The measurement of the radiant energy of the single wave- 
lengths possesses significance independently of its importance 
in determining the curve for total brightness. Indeed, it is 
possible in this way to find for every temperature a wave-length 
at which the radiant energy has a maximum. This wave- 
length is connected with the temperature by two relationships 
discovered by Wien, usually spoken of as the '' Verschiebungs 
Satz,” or ^"displacement laws of Wien.” According to one 
of them, for the case of the absolutely black body — 


. T = const.' 

and according to the other — 

Em = const." T> 

That is, the radiation intensity for that wave-length Am of 
greatest intensity, in the case of an absolutely black body, is 
directly proportional to the fifth power of the temperature, 
while this particular wave-length is also given by the quotient 
const.' 


T 


Lummer and Pringsheim foxind the value of const.' to 


be 2940. This number is a very valuable one for many reasons. 
For instance, using it, we find that the maximum of radiant 
energy does not fall within the region of wave-length visible to 
the eye, that is, between 0'8 and 0'4/[x, until a temperature 
between 3700^^ and 7400° is reached. 

These relationships, true for absolutely black bodies, have 
received valuable extension through a study of the behaviour of 
bright platinum. Such a surface has very strong reflecting 
qualities, and is consequently far removed, optically, from the 
black body. Without this investigation the laws of black 
radiation would be merely limiting laws, from which an ordinary 
solid substance freely glowing might diverge very widely. The 
investigation of bright platinum, on the other hand, afforded 
a knowledge of the behaviour of an opaque solid substance 
which, because of its high reflecting power, possessed the 
character of a minimum radiator. It is here assumed that 
luminescence does not set in, and that the reflecting power of 
carbon, feme oxide, etc., does not surpass that of bright platinum 
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at liigli tem]3eratures, which is certainly reasonable. The 
interesting fact is, that the radiation of bright platinum 
still approximates very closely to that of the absolutely black 
body. The form of tlieir radiant energy curves is quite the 
same. Only the total energy of radiation does not vary as the 
fourth, but rather as the fifth power of the absolute temperature. 

The displacement of the maximum of radiation satisfies the 
formula — 

A^T = 2630 

which differs from the formula applying to the absolute black 
body only in having a somewhat smaller constant. The fact 
that so slight a change is produced by a substitution of bright 
platinum for the absolutely black body is of great importance 
in determining temperatures from radiation phenomena. It 
alone makes it possible for us to apply without great error 
methods which in principle are only permissible with absolutely 
black bodies, to solid, opaque substances of perceptible reflecting 
power, such as the carbon filaments of an incandescent lamp, 
or any other glowing conductor.^ 

Limiting our discussion for the moment to black radiation. Optical 
we see that the laws of radiation furnish a basis from which we meXor 
may measure the temperature of the black body optically, when tempora- 
we know either the change of intensity of radiation of a single basisTf 
wave-length in the visible region, or the change of the total laws 
visible radiation with the temperature. The photometer could 
then be conveniently used in place of the bolometer as a 
measuring instrument, and the light radiated by one square 
millimetre of the black body's surface (the so-called surface 
brilliancy,") would eitlier tell us directly, or after preliminary 
resolution into a spectrum and selection of one particular wave- 
length, the temperature of the black body. 

Wien has developed an expression for the intensity of any The Wion- 
given wave-length, which Planck ^ has improved by the results 
of experimentation* This formula is — 


— 1 

1 Consult in this regard the discussion at the Naturforscherversammlung 
at Hamburg. Fhysik, ZeUBchr,^ 3 (1901-1902), 97. 

2 Verhmd, der Dmtschen phyaih, OeselUohaft, 2 (1900), 202. 


Wanaer’8 

spectro- 

photo- 

meter. 


286 THERMOD YNAMICS 


where a and & are two empirical constants. It can readily be 
transformed into — 


_ i- 

E = c 



The fraction enclosed in brackets wonld always be very nearly 
eq^nal to unity for short wave-lengths and any temperature 
practically attainable. Actual experiment shows that this is 
true, and it can therefore be omitted. Taking logarithms, we 
get— 


ItiE = Ina — 5ln\ — 


b 

XT 


If we measure the intensity of radiation from the same body at 
two different temperatures, T' and T", and for the same wave- 
length, we should find that — 


7 



The constant b can be calculated from the investigations of 
Lummer and Pringsheim on the radiation of the black body, 
using the Wien-Planck formula. It lies in the neighbourhood 
of 14,600. 

A convenient and valuable optical thermometer devised by 
Wanner,^ depends in its action upon the above principles. With 
this instrument we simultaneously observe the surface brilliancy 
of a black body and that of a ground-glass plate illuminated by 
an incandescent light. Each half of the field of view corresponds 
to one of these two sources of radiation. Within the instrument 
is a direct- vision spectroscope which resolves the incident light 
into a spectrum. Diaphragms of proper dimensions then cut 
out all the light except that of wave-lengths near to 0*6563/^. 
A pak of ITicol prisms are inserted in the path of the rays 
coming from the ground glass. By turning one of these (the 
analyzer) about its axis, the brilliancy of the corresponding half 
of the field of view may be varied at will. By reading off the 
angle through which we turn the Nicol, we can obtain a q[uanti- 
tative measure of this change in brilliancy. If we adjust the 

^ Physih. Zeitschr.f 3 (1901), 112. 
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brilliancy of the incandescent field so as to equal that of an 
absolutely black body, in one case at the temperature T', and in 
another at the temperature T", then the ratio of the two angles 
as read will represent that of the intensities of radiation of the 
absolutely black body at these two temperatures. (This, of 
course, applies only to the wave-lengths 0*65 63/x and the same 
radiating surface.) * If we know the temperature of the black 
body in one case, then, by the help of the above formula, we can 
calculate the temperature in the other case. In order to be 
independent of any decrease in the brilliancy of the incandescent 
light after long use, such a temperature T' of the black body is 
chosen that its intensity is exactly equal to that of a Hefner’' 
lamp for the wave-length X = 0*6563. The von Hefner amyl 
acetate lamp is in general technical use as a unit of light 
intensity. It is easily reproduced, and corresponds to a definite 
temperature of the absolutely black body. What this particular 
temperature may be is determined once for all by a simple blank 
measurement with each instrument.^ 

This instrument permits us to measure temperatures from 
900® up to 2000®. W’e cannot go higher, because the incan- 
descent filament then disintegrates, and the glass bulb becomes 
darkened. But there is no reason why some other source of 
light should not be used in its place. 

The interior of technical blast furnaces and glowing tubes Applioa- 
sends out nearly pure black radiation, so that the Wanner 
pyrometer may be unhesitatingly used in both these cases, optical 
But the temperature even of solid, coherent surfaces glowing in 
the open may be measured by its means without perceptible 
error, provided, they are intermediate in their behaviour between 
bright platinum and the absolutely black body. Lummer and 
Pringsheim have compared bright platinum and the absolutely 
black body at 1100° abs. and 1800° abs., using another pyrometer 
based on the same principles, and found a deviation of but 40° 
at the lower temperature, and 100° at the higher. With poorer 
reflectors than platinum, with carbon filaments, for instance, 
the error would be much smaller. A special advantage of the 
instrument consists in the fact that the comparison of the two 
halves of the field of view need not be a very accurate one. 

1 See for the use of this instrument, Nernst and v. Wartenberg, Verhandl. 
derphysik, QeselhchaftyS (1906), 48. 
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2068*4° abs., that is, 1795° C. On this basis we obtain the 
surface brilliancies labelled ‘'calculated'’ in the following table : — 




1 Surface brilliancy in H.C. per sq. inm. 


Degrees C. 




Observed. 

Calculated. 


1 

1175 

0-0042 

0-0039 

2 

1325 

0-0220 

0*0222 

3 

1435 

0 0635 

0-0053 

4 

1G90 

0-50 

0-500 

5 

1690 

(0-47) 

0-500 

G 

1780 

0-91 

0-009 


Nernst apparently got number 5 by extrapolation. The 
temperature of 1780° represents, acccording to Holborn and 
Wien, the melting-point of platinum. If we calculate from 
,this and a the value of the radiation constant &, using the 
relation — 

a . X . T (H=i) = 6 
and putting X = 0*6, we get — 

h = 16,002 

while we should have expected (p. 83) — 

b = 14,500 

or, according to Lummer and Pringsheim, 14,600. The differ- 
ence is not large, and may be ascribed to physiological causes. 

The eye is not equally sensitive to light of various colours, and 
though we consider the boundaries of the visible spectrum to 
be 0*4 and 0'8yu, we may better put the mean visual wave- 
length, not equal to 0*6/<i, but somewhat shorter, perhaps 0*55jU, 

We may further test this relationship by means of Lummer Experi- 
and Kurlbaum's ^ data regarding the total radiation of bright Summer 
platinum. They have expressed their results in the following and 
equation : — Kurlbaur 

~ Vrv 

^ Verhandl; d. Deutschen physik, Qeselhchaft^ 2 (1900), 91. 

U 
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where x varies with the temperature, 
then — 


, H' , T' 


Taking logarithms, 


We note that T' and T" must be very nearly equal, if we 
would have x replaceable by a fixed value in this expression, 
and if we represent the difference between T' and T'' by AT, it 
follows that — 

,^^T' + AT__ , AT>^ 

iji// "T* rj\ff J 

.But, according to the rules governing calculation with small 
quantities — 

/ at\ ^ r - T 

+ rj\rf J — r^ff — r^rf ' 


Thus the Lummer-Kurlbaum formula becomes — 


IJI/ rj\n 

■^7 ~ ^ qw 


This expression is identical with the above when we put 


X 


constant 


for we then obtain — 


, H" ^ T' - T" /I 1 \ 

in-^ = const. -^, ^7 --- y , = const. (^^77- - qv ) 

Lummer and Kurlbaum have prepared a table giving the 
values of x for various temperatures of bright platinum, and 
I reproduce it below. The products xT are added. They 
should represent the constant in the expression obtained above, 
and ought not to vary if this expression has been correctly 
deduced. 


AbsoLtemp. T . 900 1000 1100 1200 1400 IGOO 1900 

Exponent 25 . . 30 25 21 19 18 15 14 

Product a;T . 27,000 25,000 23,100 22,800 25,200 24,000 26,600 


We see that the products ojT are, indeed, nearly constant. 
The different values vary around 24,920, as Easch has pointed 
out. On the basis of the mean wave-length 0'55/i, we then 
obtain 13,706 as the value of 6. The ratio of this value of the 


i 
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constant 6 for bright platinum to the value 14,500 for the black 
body, corresponds quite closely to the difference between these 
two extreme cases as found by Liimmer and Pringsheim, 
namely — 

A^T = 2940 (black body) 

AmT = 2630 (bright platinum) 


The calculation of absolute temperature of solid incan- 
descent bodies by means of the formula — 


InW ^ 12-943 


A 2068-4N. 

\ T' ; 


therefore, appears justifiable up to very high temperatures, 
particularly if the radiation issues from a tube or cavity. 
JSTernst found the total radiation from 1 sq. mm. surface in a 
cavity at the temperature of melting iridium to equal 12*1 ± 0-6 
Hefner candle-power, assuming that or in the Lummer-Kurl- 
baum formula remained constant and equal to 14 at a bright, 
white heat, or in any case equal to 13 above the temperature 
of melting platinum. From this he calculated the melting- 
point of iridium to be 2203° and 2338° respectively. On the 
other hand, Rasch, using the formula first explained, calculated 
from Hernst’s observations that this temperature was 22 8 5°^ 
or, taking a slightly greater value for a (13*02), 2287°. Herceus' 
value of 2400° for the melting-point of iridium is certainly too 
high. 

If, then, it is possible for us to measure the temperature of 
solid bodies, and particularly the temperatures of the interiors 
of tubes, with considerable accuracy, we naturally ask what 
advantage we may derive from this for the study of equilibria at 
elevated temperatures. We are greatly hampered here by the 
fact that our supply of substances impermeable to gases above 
1500° is very scanty. Carbon vessels cannot be made gas- 
tight, and metallic vessels, among which those of iridium are 
the most important, can only be used with certain limita- 
tions, for at an intense white heat this substance preserves 
neither the refractory chemical properties nor the impermea- 
bility to gases which characterize it so markedly at ordinary 
temperatures. 

Flames, on the other hand, are available without restriction, 
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region of wave-lengths under consideration ; A the absorption co- 
efficient of the flame for the same wave-lengths ; the radiation 
coefficient, and 1 the absorption coefficient of the absolutely 
black body at the same temperature and also for the same 
wave-lengths. If, then, we assume that at any one temperature 
of the absolutely black body insertion of the flame into the 
path of the rays produces no change in the field of view, 
then — 

E + DSi = Si (60 

Here E has the same significance as before. D is the coefficient 
of transparency of the flame for the wave-lengths used in the 
red, and Si the radiation coefficient of the absolutely black body 
for the same wave-length and at the temperature at which 
insertion of the candle-flame produces no change in the field. 
This formula is derived from the simple consideration that 
when the candle is inserted, the radiation coefficient E of the 
flame plus the transmitted radiation DSi are active, while when 
the candle is removed only the unimpeded radiation Si of the 
absolutely black body produces any effect. From this equation 
and (&) it follows that — 


AS 2 + DSi = Si 
and with the help of (a) that — 

When, therefore, we assu^me that the radiation Si of the 
absolutely black body at the actual temperature prevailing 
when we adjusted to precise equality, is equal to S 2 , the 
radiation which the black body would, send out at the tempera- 
ture of the flame, we commit a mistake the magnitude of which 
depends solely on the ratio of the reflecting to the absorbing 
power of the flame — 

E 

A 


and which may therefore be practically zero if this ratio is very 
small. Indeed, the method would still give correct results even 
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because we neglected this would only involve an error of 

120° degrees in our temperature measurements at 1430°. 

It is possible to apply this optical method to non- Measure- 
luminous flames when we artificially colour them. Fery ^ used 
the vapours of salts, preferably sodium chloride, for this luminous 
purpose. He assumes that the sodium line shines from pure 
temperature radiation; that all the luminescent radiation of 
the .flame is zero ^ for this wave-length ; and, finally, that the 
transparency of the coloured flame is small for this wave- 

H 

length, and consequently the quotient ^ is nearly equal to 

zero. He was able to confirm experimentally that the reflect- 
ing power is very small, as would be expected. If all these 
assumptions are true, then the optical measurement of the 
temperatures of non-luminous flames by means of the spectro- 
photometer can be easily carried out, by simply colouring them 
with the vapour of sodium chloride. In making these measure- 
ments Fery observed the spectrum of an incandescent lamp, 
which he assumed to radiate as a black body, and inserted the 
flame, coloured with salt vapours, into the path of the rays 
from it. So long as the brilliancy of the lamp was below 
a certain point the sodium line appeared bright. As the 
brilliancy of the lamp was increased, a point was reached at 
which the bright line changed to a dark one. This reversal 
of the lines in the spectrum is a well-known phenomenon. 
Kirchhoff recognized, even before he had deduced his Law 
of Eadiation, that the bright lines which coloured flames 
show when viewed by themselves, are supplanted by dark 
lines of identical wave-lengths when more intense light of the 
same wave-lengths falls upon them. Kirchhoffs explanation 
of the Frauenhofer lines was based on this very experiment. 

The only new feature here is the quantitative relation between 
the temperature of the flame and that of the other source of 

1 Comp. Bend., 137 (1903), 909. 

2 This assumption exactly contradicts Pringsheim's opinion that the 
vapours of metals in the flames shine only through luminescence. In this 
connection, see the treatment of the subject in the Rapports prdsentds au 
Congr^s intemational de Physique, Paris, 1900,” vol. 2, p. 100, where a 
bibliography is given ; and Kayser, Handb. der Spektroskopie,” vol. 2. 
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the temperature of the colourless flame from the tip of the 
inner cone upwards along the vertical axis, inserting the junc- 
tion of his thermoelement at these points. After that he fitted 
a cap of quartz over the junction of his thermoelement, and 
made a second series of observations. Thirdly, he made another 
series of observations with a cap of bright platinum over his 
quartz cap. In the first case he found temperatures between 
1350° and 1391°; in the second, temperatures between 1110° 
and 1133°; and in the third, temperatures immediate between 
the two, though approximating the more closely to those with 
unprotected junction. The thermoelement therefore showed 
the lowest temperatures when surrounded by the quartz alone. 

Baikoff considers these temperatures to be the true tempera- 
tures of the flame, the liigher temperatures registered being due 
to catalytic action of the platinum. He believes the very 
natural explanation of unequal radiation to be precluded by the 
fact that the phenomenon is not altered when the flame is 
surrounded by a“hof chimney. But one sees immediately 
that the intensity of radiation increases so tremendously with 
the temperature that a chimney, even if heated to incipient red- 
ness, would have no effect on the radiation of substances at 
temperatures of 1500-1800° Though perhaps superfluous, I 
have further convinced myself that it is only necessary to 
cover the quartz cap with finely divided platinum, instead of 
bright platinum, in order to change the rise of temperature 
into a fall.^ 

In order to accurately determine the temperature of a flame Conditions 

thermo-electrically, it is of primary importance to know how 

much heat is lost through the radiation from the thermoelement accurate 

itself. Waggener,^ Nichols,^ as well as White and Traver,^ deSric 

have found that the temperature indicated by the junction is measurc- 

almost exactly a linear function of the thickness of the the^t^empe- 

element. If, then, we measure the temperature of the same rature of 

flames. 

1 In BaikofTs more extended publication in the Russian, experiments are 
mentioned with slitted platinum caps, which Baikoff could not bring in con- 
formity with his theory of the catalytic elevation of the temperature (see 
^‘Chem. Centralblatt ” (1905), i. 1357) 

2 WM.Ann., 58 (1896), 579. 

^ Journ, Franldin Inst.^ 150 (1900), 374. 

^ Journ, Soc, (Them, Ind. (1902), 1012. 
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flame successively with elements of diminishing thickness, we 
can extrapolate for the true temperature as measured by an 
element of zero thickness. If the thinnest element used in this 
process be not thicker than 0*1 mm., the extrapolation is not a 
very large one, amounting to between 30° and 100°, depending 
on the thickness of the wire and the temperature of the flame. 
If we base our observations simply on the readings of a thick 
thermoelement, the indicated temperatures will be some hun- 
dreds of degrees too low. Waggoner found the temperature of 
the hottest part of the Bunsen flame to be a little above 1785°. 
Berkebusch ^ found it to be 1830°, using an entirely different, 
though, to be sure, not very accurate, method. This agrees 
with the fact first observed by Bunsen, and later confirmed by 
Waggoner, Fery, and others, that a fine platinum wire can be 
brought to incipient melting in the hottest part of a Bunsen 
flame. The melting-point of platinum lies at 1780°. Fery, 
as mentioned above, found 1871°, a temperature lying in this 
same region. We obtain a similar value if we determine the 
heating power of illuminating gas with Junker’s calorimeter, 
the amounts of carbon dioxide and of water produced from one 
volume of illuminating gas by complete combustion, and the 
amount of oxygen consumed in this combustion. From these 
data we can again calculate the heat evolved, and can then 
again calculate from the known specific heats the maximum 
temperature attainable. ISTumbers of the same magnitude are 
obtained as before. 

These facts show us that the linear extrapolation to zero 
thickness of thermoelement leads to correct values for the 
highest temperature of the Bunsen flame. It leads to still 
more certain results at low temperatures, for there the loss by 
radiation is much smaller, and the extrapolated temperature 
but slightly exceeds that indicated by the thinnest thermo- 
element. 

Tke effect The thermoelement should not be left too long in the 
heating in during a measurement. Waggener has shown that pro- 
the flame, longed heating in the flame produces certain heterogeneities 
in the platinum-rhodium wire, which give rise to incorrect 
readings. 

The effect If we are using thick thermoelements, we may measure the 
of internal 

resistance. ^ Wied, Ann.j 67 (1899), 649. 
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electromotive force directly by means of a high-resistance 
voltmeter. Thin thermoelements have such a high resistance 
of their own, especially when heated, that with them we must 
always use the compensation method. 

The position of the two wires of the thermoelement in the The oflfect 
Hames relative to each other is not without effect on the readings, of 

It is not advisable to have the wires leading to the junction the wires, 
parallel to one another. Binding the wires so that the ends in 
the neighbourhood of the junction are in the same straight line 
usually suffices to give good results. 

It is important, in making the measurements, to heat the 
two wires of the thermoelement symmetrically — that is, 
keep each at equally hot places in the flame. Any one-sided 
heating of the wires near the junction introduces an eri'or 
due to conduction of heat, and this is not eliminated by the 
extrapolation to zero thickness, but instead is rather accentuated 
thereby. 

I have, in collaboration with Eichardt, measured the tem- 
perature of the Bunsen flame thermo-electrically in order to 
determine the water-gas equilibrium existing there. Our 
results, which have been confirmed by Allner, were presented 
in the Fourth Lecture. 

Let us examine the Bunsen flame a little more carefully. The 
in order to better understand the method of measurement, 

This flame presents quite a different appearance if the air- 
supply, which enters at the draught hole of the burner and 
mixes with the illuminating gas inside the tube of the burner, 
is altered by even a very few per cents. If we let the flame 
first burn luminously, and then by slowly opening the draught- 
hole increase the air-supply, the luminous part of the flame 
first vanishes, and an indistinct separation occurs into an inner 
and outer cone. As the air-supply is further increased, the 
inner cone becomes very much smaller and more sharply defined 
and brighter. Its colour is now a pronounced green, differen- 
tiating it clearly from the violet of the outer flame. Gas-flames 
of this type are generally obtained in the laboratory by means 
of the so-called Teklu burner. The modem domestic gas stove 
always furnishes* such a flame. Every Auer burner, after its 
mantle and mantle-holder have been removed, also gives a flame 
of this character. 
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Steadying 
a Bunseu 
flame. 


The inner 
parts of 
the flame. 


The 
position 
of the 
inner cone. 


If we produce a flame of this kind with a Teklu burner, we 
find that the inner cone burns with a loud noise and a fitful, 
rapid to-and-fro motion. To convert this into a quiet and 
perfectly steady flame we need only to lengthen the tube of the 
burner by a few decimetres. The unequal mixing and cross- 
currents in the short tube are evidently the cause of the 
unsteady burning. All the equilibrium measurements were 
therefore made with the flames from Teklu burners whose 
tubes had been lengthened about a half a metre by means of a 
glass tube of the same bore. 

We are accustomed to say that the illuminating gas burns 
in the flame. The expression is inexact, for nothing is burning 
in the flame. The flame is nothing but a mass of glowing gas 
surrounded on all sides by an extremely thin zone in which the 
combustion is taking place. 

This boundary is represented diagramatically in Fig. Vl : db 
is the opening of the burner; dbc represents the '"inner cone,'' 
adh the "outer cone." In the inner cone the 
qI mixture of air and illuminating gas burns to a 
mixture of nitrogen, carbon monoxide, carbon 
dioxide, water-vapour, and hydrogen.^ Since the 
four gases CO, Hg, COg, and H2O are connected 
by the water-gas reaction, we may say that the 
inner cone furnishes water-gas diluted with 
nitrogen. In the whole space between inner and 
outer cone oxygen can never be detected analyti- 
cally This is the basis for the statement that 
nothing can burn in the flame. In the outer 
cone oM everything that can burn to carbon 
dioxide and water-vapour does so. 

Fig. 17. The relative position of outer and inner 

cone is governed by a simple equation. The 
inner cone represents a stationary explosion. Its position 



1 In addition to these, methane is sometimes found in small quantities, 
(See Appendix, No. IX.) 

2 Such traces as correspond to the equilibria 2II3 4 - 0 . 2 HnQ and 
2 C 0 + O2 2CO2. These traces must he extremely small, because the 
excess of Hg and GO present in the flame stands in the way of the dissociation, 
which even in pure HgO and CO2 only amounts to a very small value at the 
temperature of the flame. 
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conforms to the condition that the rate at which the ignition 
is propagated downward shall equal the rate at which the 
entering gas moves upward. Michelson^ used this relationship 
to determine the rate of propagation of explosions. 

The position of the outer cone is governed by the condition The 
that the amount of oxygen furnished per second by the sur- 
rounding air shall just suffice to burn the combustible con- outer cono. 
stituents coming from the interior completely to carbon dioxide 
and water- vapour in the same interval of time. 

The zone abo is but a fraction of a millimetre thick, and the The lem- 
gas passes through it in about the O'OOl part of a second. 

The thickness of the zone adh is not very easily estimated inner cone. 
with the eye, but it is undoubtedly of the same order of 
magnitude. 

The temperature in the zone acb is approximately 1550°, 
under a strong draught. This part of the flame was formerly 
considered to be much hotter, judging from its brightness. But 
the thermoelement gives no indication of this. Arguing from 
theoretical grounds, it has been claimed that the temperature of 
this zone should be higher than 1550°, because the gas must be 
heated by the combustion zone acb before it reaches it, and should 
therefore attain a higher temperature when it burns itself. That 
is, it has been concluded that the gases reach a higher tempera- 
ture than they would did they depend simply on their own 
heat of combustion to raise them from the temperature of the 
room to that of the burning gases.^ This is a mistaken con- 
clusion. Every burning layer in ahc must give off during its 
burning just as much heat to following portions of the gas as it 
received itself from earlier burning portions. It therefore does 
not attain any higher temperature than it would if it burned 
without previous heating, and was simply heated by its own 
heat of radiation. We can calculate what this temperature 
would be knowing the composition of the gas leaving the zone 
acb. Eichardt and I have actually made this calculation, and 
find the same temperature of 1550° within the limits of experi- 
mental error of the thermoelement. The bright green colour 
of the inner cone is therefore only luminescence. 

1 Wied. Ann., 37 (1893), 1. 

2 Mallard and Le Chatelier, Ann. d&s mines (8), 4 (1883), 344; Gouy, 

Ann. Cliim. PTiys. (5), 18 (1879), 1; Michelson, loc. cit. 
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Heat 
losses 
from the 
inner 
cone. 


Distribu- 
tion of 
tempe- 
rature 
between 
the cones. 


The heat losses from the combustion in the zone ach are 
small. Mache ^ has investigated theoretically how much heat is 
abstracted by the incoming current of unbnrnt gas. If Op be 
the specific heat of the gas flowing into the combustion zone at 
constant pressure, Cj the velocity, and po the density of the 
gas mixture, both referred to 0° and 760 mm,, and k the 
constant of heat conduction, then — 


Ic d^T dT 


T here signifies the temperature at a distance x from the flame 
on the side of the inflowing gas. Integrating this formula and 
substituting values for the case of hydrogen burning in oxygen, 
Mache found that room temperature prevailed at a distance not 
more than a few hundredths of a millimetre from the outer 
boundary of the flame. No perceptible loss, therefore, takes 
place in this way. There is, of course, a certain loss due to 
radiation, but it is so small as to be negligible. 

The gas has no opportunity to lose any heat between the 
inner and outer cone. Indeed, it must become warmer as it 
approaches the outer cone, for there the gases already heated to 
1550° burn completely, the temperature rising to 1800°, as 
mentioned above. 

The fact that we find the temperature rises as we move our 
junction horizontally outward from the vertical axis of the 
flame toward the mantle adh agrees with this conclusion. The 
reason that we find in fusion experiments the outer parts of 
the flame not to be as hot as other parts is simply due to the 
vibration of the flame. Unless the object is sunk deeply into 
the flame, it comes in contact with the cold outer air. Then, 
too, heat is conducted away by the supporting device, unless 
this is also heated by the flame. 

The temperature gradient from the outer toward the inner 
cone is much less abrupt than from the inner cone into the 
inflowing gas. There are two reasons for this. In the first 
place, the hot gases in the region ahc conduct heat very much 
more readily than do the inflowing gases; The coefficient of 
heat conduction increases approximately proportionally to the 

1 Sitzungsler. Vimna Acad., 108 Ila. (1899), 1152. 
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square root of the temperature (Mache, loc. cit.). Then, too, the 
velocity of the gas is smaller in the ratio of the surfaces of 
the two mantles adl and acby so that the heat conduction can 
progress farther and more quickly into the inflowing gas. 

We cannot directly investigate the composition of the gas 
mixture in the Bunsen flame. This is due to the fact that the 
product of combustion in the lower parts of the outer mantle, as 
they rise, work their way into the interior of the flame, and 
dilute the gases there present. For this reason the normal 
temperature conditions are somewhat displaced, particularly in 
the upper part of the flame. 

We may, ’ however, arrange conditions which permit an splitting 
investigation of this point if we dispose of the outer cone. 

Teklu, as well as Smitliells and Ingle, hit upon this device.^ It 
was very simply done by fitting a glass tube of suitable 
dimensions over the end of the burner tube. A stopper is made 
to fit tightly between the burner tube and the outside glass tube. 

The relative sizes can be seen from Fig. 18, where a scale divided 
in centimetres is included in the photograph. 

The inner cone acb burns quietly at the top of the burner 
tube. The outer cone burns higher up at the opening, of the 
outer tube. Since the gases now find opportunity to cool off on 
their way from inner to outer cone, the temperature conditions 
in this latter are naturally quite different from before. 

The outer cone is not nearly so hot. The inner cone, on the 
other hand, suffers no change. , The entrance of air into the 
space between inner and outer cone is wholly prevented in this 
arrangement, and samples of gas may be removed from it for 
analysis. For this purpose we may hang a capillary tube of 
porcelain down from the edge of the glass tube, or, as in Fig. 19, 
we may insert a double-walled platinum tube through the side 
of the glass tube. This tube may be moved in or out, and water 
kept flowing between its double walls. If this water is kept luke- 
warm, and. the tube is brought close over the tip of the inner 
cone, the gases experience an extremely sudden drop in tempera- 
ture, and yet the temperature is not so low that water-vapour is 
deposited from these gases on the walls of the platinum tube. 

In this way we get the gases in a suddenly cooled condition 
without any loss of water- vapour. If at the same time we hang 
1 Jour, Ghem, Soc., 61 (1892), 204; Jour, pract, cherme, 44 (1891), 246. 
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enclosed in quartz capillary tubes, which may be lowered into 
the outer tube. We can easily bring these capillary tubes to 
any symmetrical places in the flame with exactness by means of 
the fine adjustments provided. Extrapolating from the readings 
of the two thin elements, we can determine the temperature for 
a thermoelement of zero tliickness. 

It is not as easy to determine the composition of the gas Analysis 
samples with the required accuracy as one might at first tliink. 

The great quantity of atmospheric nitrogen dilutes the gas and of gas. 
reduces the percentage of the other gases. If we attempt to 



deteririine the carbon monoxide, carbon dioxide, and hydrogen 
volumetrically, and, knowing the composition of the unburnt 
gas, calculate the amount of water-vapour, the results are 
uncertain. But we get very satisfactory results when we re- 
member that we may consider the equilibrum constant (p. 113) — 

-r^ _ CJh^o X Cco 
Cco7x 

as the product k x ic' of the two quotients — 


K 


CH2O 

CcOa 


and K 


Ch2 


We may determine the value of one of these quotients by simply 

X 
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conducting the gas through the absorption tubes used in an 
ordinary organic combustion analysis. The other quotient may 
be determined by a single combustion over mercury of a sample 
of the gas freed from carbon dioxide. Knowing the contraction 
accompanying this, the consumption of oxygen and the amount 
of carbon dioxide formed, we can calculate, not only the amount 
of carbon monoxide and hydrogen present, but even that of a 
third component, say methane. The equations here used are 
those developed by Bunsen^ for the combustion analysis 
of gas. 

The cal- Wohl^ has recently attacked these equations of Bunsen, and 
sought to substitute others in their place. If we arrange under 

analysis. '"CoD.” the contraction taking place on combustion, under CO 2 
the amount of CO 2 produced, and under Vo the oxygen con- 
sumed, all expressed in cubic centimetres, we obtain, according 
to Bunsen, the following table for the combustion of CO, 
and CH,:— 


and consequently- 


CO 2 = CO + CH4 
Con. = iCO + liHa + 2 CH 4 
Vo = JCO + iHa + 2 CH 4 


The quantities of these three gases can be calculated from 
these three equations. But Wohl objects to this, saying that 
the quotient of the molecular weight divided by the density 
at 0° and 76 cms. approximates very closely in the case of 
hydrogen, carbon monoxide, and methane to the value 22*41 
for an ideal gas, but that in the case of carbon dioxide we 
get a very divergent value for this quotient, namely 22*26. 
He therefore concludes that Avogadro’s rule does not apply 
here, and consequently that Bunsen's equations cannot be 
accurate. 

Discussion We consider Wohl’s objection to be quite invalid. We 
of Wohl’s 

formula. ^ “ Gasometrische Methoden,” 2nd edit., 1877. Second section. 

2 Ber, d, dmtschen Chem. Ges., 37 (1904),' 429. 
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obtaia from Van der Waal's formula^ for the relation between 
the pressure, volume, and temperature of a gas — 

(p + - J) = ET 

the following relation between the molecular weight M and 
the density do of a gas at 0° and 76 cms. — 

-^^(1 + a){l -b) = li 

Van der Waals found a and S to have the values — 

a = 0-00874 
I =. 0-0023 

for carbon dioxide, and consequently — 

^ X 1-00646 = E 
M 

Wohl’s value for = 22'26, therefore, gives an entirely correct 

(Xo 

value for K if we multiply by the factor 1*00646. The deviation 
from the value 22'41 is therefore solely due to the fact that 
carbon dioxide is not a perfect gas at 0° and 76 cms., and has 
nothing to do with Avogadro's rule. 

When the pressure of carbon dioxide is reduced to one-third JuBtiUca- 
of an atmosphere or less, its deviation from the behaviour of an 
ideal gas is so small as to be negligible in analytical work, formula. 
One can easily convince himself that this is true by making 
use of Van der Waal’s equation. Of course there is no question 
but that we are introducing a perceptible error when we assume 
that 100 c.c. of carbon dioxide are formed by the union of 100 
c.c. of pure carbon monoxide and 50 c.c. of pure oxygen (all the 
volumes beiug measured at 0° and 76 cms.). Indeed, we should 
only obtain 99*4 voL But it is quite unjustifiable to ascribe 
any universal significance to this deficit of 0*6 per cent., and 
to suggest an alteration of the Bunsen formulae on this ground. 

Besides, it is very seldom that we have pure carbon dioxide 
formed in a gas analysis. Instead, we usually obtain by 
explosions mixtures of which only a fraction is carbon dioxide. 

The use of Bunsen’s equation assumes the gases to obey Dalton’s 

1 Van der Waals, Kontinuitat,” etc. (Leipzig, 1899-1900), vol. i. p. 85. 
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law of partial pressures, according to which the total pressure 
equals the sum of the partial pressures. If the single gases 
deviate perceptibly from the fundamental gas law — 

= RT 

as carbon dioxide does at 0° and 76 cms., then Dalton’s law is no 
longer strictly fulfilled. In this case it is absolutely impossible 
to calculate the results of analysis by using fixed correction con- 
stants in Bunsen’s equations, as Wohl advocates doing. Instead, 
it would be necessary to determine fresh constants for each 
gaseous mixture by a special investigation. This is evidently 
quite impossible in the ordinary practice of gas analysis. The 
thing to do, then, is not to attempt to improve Bunsen’s equations, 
but rather the conditions of the analysis. This can be satis- 
factorily accomplished by never allowing the carbon dioxide 
content of the final gas mixture to exceed 36 per cent. 

The water- The analysis of the gas taken from the space between the 
two cones showed that it made no difference where in this space 
took the sample from. The ratio (p. 118) — 

Cir2q 

Cco^ X Ch2 

therefore, does not change as the gases rise from the inner cone 
and cool several hundreds of degrees in temperature. This 
applies equally well to a flame from a mixture of air and 
illuminating gas as to one from a mixture of air, illuminating 
gas, and carbon dioxide, although the temperature of the latter 
is lower. Thus, samples taken in one case (a) from just at the 
base of the outer flame, and in another (6) from just above the 
tip of the bright green inner cone, gave the following values for 
these ratios : — 


a . 
h . 


The temperatures as thermoelec trically measured are ap- 
pended. 

On closer scrutiny of these numbers, it appears undeniable 
that those six experiments where the temperature was depressed 
by the presence of carbon dioxide yielded much smaller values 


gas equi- 
librium 
in tbe 
Bunsen 
flame. 


. 3-54 

2-58 

2-74 

2-89 

2-92 

2*97 

2-64 

. 3*58 

2-68 

2-86 

2-77 

2*82 

3-12 

2-87 

. 1551 

1313 

1305 

1265 

1265 

1230 

1255 
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as the first one carried out in absence of CO 2 . They correspond 
in both cases to the values we found before (p. 143) for the 
water-gas equilibrium. It seems probable from this that in 
the combustion of the hydrocarbons in the inner cone of the 
Bunsen flame an equilibrium is attained which readjusts itself 
so slowly that the gases do not alter their composition as 
they rush through the cooling space. 

A further series of experiments was carried out in order to The limits 
decide whether or not equilibrium was really reached. Illu- 
niinating gas, and a mixture of illuminating gas and carbon equiU- 
dioxide were used. They showed that equilibrium was reached. 

Allner supplemented and confirmed them with similar results attained 
for mixtures of methane, carbon monoxide, and hydrogen, of 
methane and hydrogen, and of benzene, carbon dioxide, and taiaod 
hydrogen. He further studied the possible limiting concentra- Bunsen 
tions. The result was a most characteristic one. There was ttamo. 
no accurate adjustment of the equilibrium in the relatively 
cold flames (below 1100°), which he got by burning mixtures 
of carbon dioxide and hydrogen, and of carbon monoxide and 
hydrogen. On the other hand, when the flames were very hot, 
as is the case with a mixture of benzene vapour and air (2000°), 
the gases changed their composition after they left the inner 
cone. It follows from this fact that below 1100° the interval 
of time during which the reaction can take place in the zone of 
the stationary explosion is insufficient. Above 1200° equilibrium 
is reached. The equilibrium is not perceptibly displaced during 
the period of cooling, if the temperature does not exceed 1500°. 

If the flame is hotter than this, the equilibrium is progressively 
displaced until the gas cools to 1500°, when the equilibrium 
'' freezes,’' to use our earlier expression. If, however, we increase 
the rapidity of the cooling by introducing a cooling tube, we 
should evidently get different results in the flame of 2000° 0. 
than when we allowed the gas to cool slowly. 

These results may be more readily understood from the Numerical 
accompanying table. The temperatures in brackets were 
calculated from the heat of combustion and the specific heats. 

The other temperatures were measured thermoelectrically. 

The calculated values of the equilibrium constant were taken 
from the fifth column in the table on p. 143. The values 
labelled ''found” represent mostly the mean values from 
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several experiments, or the values extrapolated from several 


experiments. 

Temperature, 


degrees C. 

COg + II 2 

(890-1037) 

CO + H, 

990-1083 

CeHg -1- CO 2 4- Hg . . 

1190 

OcHg 4 CO 2 4 Hg . . 

1280 

CH 4 4 CO 2 4 H 2 . . 

1246 

CH 4 4 H 2 

c. 1400 

Illuminating gas 4 COg*. 

1255 

)j j> j) 

1265 

if i1 Ji 

1305-1324 

>5 i) )i 

1370 

Illaminating gas . . . 

1386 

a )i . • . 

1500-1510 

if f} ... 

1625 


Benzene (c. 2000) 


^00 X Ch20 
Cc02 ^ *^1120 


Found- 

Calculated. 


0*2 

1-2-1-8 1 

^ Equilibrium is not 

3-2 

1*6~1*9 j 

[ reached. 

2*4 

2*5 ) 


2-3 

2*9 


2*6 

2*8 


3-1 

3*46 


2-6-2-8 

2*8 

Equilibrium is reached 

2-9 

2*87 ' 

. in the inner cone and 

2 6-2*9 

3*1 

then “ freezes." 

3*2-3*3 

3*3 


36 

3*4 


36-4*2 

3*9 


4 

3*97 , 

f Equilibrium continues 
to readjust during 

5 

5*24 -J 

the cooling, being 
overtaken between 



t 3*6 and 4*0. 


Atheo- is to apply our theoretical reasoning to 

dlsc^s^ion practice, as it was in the case of the nitric oxide equi- 
of the librium, because the process is much more complicated. Water- 
technic^ gas is technically prepared by blowing air and water-vapour 
water-gas alternately through a shaft of burning coal. 

The air-blast generates either carbon monoxide as the chief 

lliCtTlTA ^ 

product when run according to Humphrey and Glasgow's 
method, or carbon dioxide when run according to the Dellwick- 
Fleischer method. In both processes the coal glows intensely. 
The steam blast generates water-gas, and as it uses up heat in 
the formation, cools off the coal. It is therefore customary 
to alternate the two currents at quite frequent intervals. The 
steam-blast is continued each time until a flame shows the 


characteristic appearance of a flame fed by a very poor gas. 

The usual According to the usual view, two processes are here taking 


place- 

(a) 

C 4 - HaO = CO +H2 

■j2^ ^C 0 ^H 2 

JV .1 = 

CH20 

and 

(J) 

C -f 2H2O = CO2 + 2H2 

= k — — 

^11 CCOjCHa 

Kn = 
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When both of these recactions run to equilibrium, it depends 
on the temperature whether we get a good or a bad gas for 
heatiDg and lighting purposes. Water-gas is poor when it 
contains a great deal of carbon dioxide — that is, when reaction 
b) takes place to any considerable extent. Here our object is, 
not simply to get as near as possible to the equilibrium, as it 
was with the nitric oxide ; but instead we wish to reach and fix 
the equilibrium at a particular temperature where reaction 
(b) does not take place markedly. How, it is to be borne in 
mind that these two reactions, (a) and (6), are connected by 
the relation — 

(c) C + C02:i»2C0 Ku 


Boudouard^ has studied this third equation, and finds that Bou- 
the following mixtures were in equilibrium with coal (see Expert ^ 
Appendix, Ho. VIII.) : — mont. 


At degrees 0. 
Per cent. CO^ 
Per cent. CO 

CO, * ' * 


650 . 

. 800 . 

. 925 

61 . 

7 . 

4 

39 , 

. 93 . 

. 96 

0 64 . 

. 13 . 

. 24 


These numbers refer to a total pressure of carbon monoxide and 


1 Iiend,m (1900), 132; Bull Soc. Chim., 21 (1899), 712. See, 

too, Schenck and Zinimermann, Berichte d. B. Chem. Qes., 3G (1903), 1231 
and 3003; also Zeitschr,/ ElektrochemlCy 9 (1903), G91 ; and finally Bodeii- 
stein’s discussion given in tlie same place. It is of further importance, in con- 
nection with p. 255 of this lecture, that Boudouard found that even at 600^ 
there was still 5 per cent. CO in equilibrium with 95 per cent. CO, at one 
atmosphere pressure. Dixon (Journ. Ghem, Soc.y 75 (1899), 630) has 
attacked the views propounded on p. 255, and has sought to discredit the 
experiment of Lang, which favoured these views. Dixon conducted carbon 
dioxide mixed with 8 per cent, oxygen over coal at 500°. If carbon 
monoxide were the pnmary product of the combustion, there would neces- 
sarily be at least as much carbon monoxide in the issuing gas as corresponded 
to the equilibrium. Dixon found less than one per cent. CO. Experiment, 
therefore, speaks rather for than against the primary formation of carbon 
dioxide. Brereton Baker {Phil Trans., 179 (1889), 571) has observed that 
coal will form carbon monoxide with extremely dry oxygen under conditions 
where carbon dioxide similarly dried has no action on coal. It is best, 
however, not to be influenced by this consideration, for the extreme dryness 
entirely alters the relative reaction velocities, and introduces passive resist- 
ances which destroy the comparative value of the observations. 
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i* !i!j»r.asirc iM-ulitiKiis af an iw^tiuil giis oven, it would be 
iL’C H'iirv jtiatu' this limit stunewliat higher. It is plain 
til )t liijMvc HMtmj jiartii-uhir teiniwrature, oven in the technical 

Si Kiust 1 m* ruiudiiHl at which there is equilibrium 

hi'iwceii ih«* various gasfw ami Iwtween the ga.ses and the 
«■ ial, Xitw, the proHsuris is niKutssarily always very near the 
Hi < “otisifcjHfutly, according to our above conclusions, 

ihc of c!irlM»ii dioxide must sink at tomperatures higher 

tljiiii luiHt to nn.ji, traces which are no longer to he detected 
by vitlniiicf ric analysis. 

Ihit cxpcriciifo ti'iichi's that water-gas technically prepared 
jilwjiys *'onUuim wjvc.ral |M*rccnts of carlton dioxide. We may 
lake into n«’count the fact that the tennporature in the water- 
i 7 .i^ sinks during the iaj<!i:tioii of Htitain, and that, consequently, 
llu« oh'iorvcfl carlMjn iHoxide may Iks found toward the end of this 
For tin; prcscnl wu cannot give any more quantitative 
ctjilfinaiirin. 

To rrssijiilHiatii, then, regarding the water-gas equilibrium, 
wc may say that l•(juilihriunl is quite remlily attained between 
jIu' gioms ihtj,, Co, llj, and Hat). This equilibrium, however, 
only hm* tcchnsriil )m|N>i tanc-e when the content of CO is high 
and that of (’O^ sitimUanuousIy low. The location of the 
• qnilihriuin liotwis n coal, carlsm dioxide, and carbon monoxide 
•♦hows fhiji lids is thcon;ti«’ally possible even Mow 800 ®. But, 
jirm iif jilly. the iticrtiiisss of tlin coal prevents us from obtain- 


ing fiiiii^Tnctory 


vidms for the mtio 


CO 

COs’ 


and consetiuently 


« lavouriihlc coin|M«itioij of wat(‘r-gns at temperatures below 
mit . The amall content of CO* which theory would 
j.risiiri in the rase of this t»i«ilihrium alwve 1000” is always 
«-vc»*.nh*d to sotms extent tn tlm technical preparation of the 


Tin* priin ij*! technical inlen^t in the water-gas is centred 
o|«tu the ijHi-siiMnof tins heating qualities of the gM mixture. 
IJ,!.- idijcci striven for i» to pitsluce a ps mixture whose 
!o» 1 riiim' shall ntpresciil the largest ixaaihle fraction of the 
fml value *4 the c««l cunsttined. The air-blast which heats 
the ClJill IM here of the most iniiMMrtance. It is particularly 
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to obtain dioxide, and allow this to escape into the atmosphere. 
Calculations concerning these points have been made on the 
basis of the simple laws of thermochemistry, and have been 
treated so extensively in the technical literature of the subject 
that they may be omitted here. 


APPEITDIX TO LECTUEE V 


EecejsttXjY the dissociation of carbon dioxide has been determined Dissocia- 
more exactly by Xernst and von Wartenberg.^ Their apparatus con- 
sisted of a porcelain vessel in the form of a pipette, which was heated perlments 
electrically in a platinum tube. The bulb of the pipette was some 
7*5 cms. long and 2 cms. in diameter. The outlet tube was a capil- ^arten- 
lary of 0*5 mm. inside diameter. The inlet tube was 6 mm. in berg, 
inside diameter, and through it a thermoelement was inserted. 

Pure dry carbon dioxide heated to different temperatures was 
blown through the apparatus. The issuing gases were collected 
in a weighed apparatus filled with concentrated KOH and fitted 
with a narrow tube for collecting the few cubic centimetres of carbon 
monoxide and oxygen produced by the dissociation. Arrangements 
were also made so that a spark could be passed through the OO 2 before 
its entrance into the pipette ; by the action^ of the spark as much as 
4 per cent. CO 2 was decomposed. This being far in excess of the 
amount produced by the dissociation at the temperature to which the 
pipette was heated, formation of OO 2 instead of decomposition took 
place in the pipette. Thus the equilibrium could be approached 
from both sides. 

It was difficult to find the interval of temperature where the 
dissociation was high enough to allow reliable determinations of 
the percentage of CO and O 2 without recombination taking place 
in the outlet tube. The shifting of the equilibrium by this recom- 
bination was diminished as much as possible by the high speed and 
rapid cooling of the gas in the narrow capillary tube ; but only in 
the case when the OO 2 was quite dry were the experiments successful, 
water vapour accelerating the reaction to an extreme degree. More- 
over, the porcelain tube, which was glazed on the outside, after some 
time became porous. This was. shown by the fact that the CO 
and O 2 collected in the absorption apparatus did not stand in the 
theoretical ratio of 2 to 1. 

1 Oottinger NachricUmi^ 1905, Heft L, and ZdUchr f» pkysikal. Ohemie^ 

56 (1906), 548. 
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Notwithstanding these difficulties, experiments of sufficient exact- 
ness were made at 1127° 0. and 1205° 0., and a third value was derived 
from similar determinations of the water dissociation, using Hahn’s 
(see p. 130) data on the water-gas equilibrium. 

These figures are collected in the following table 



T'^ abs. 

®% found. 

X % calculated. 

1027 

1300 

0-00414 

0*00389 

1127 

1400 

0-01-0-02 

0*0138 

1205 

' 1478 

0-029-0-035 

0*0324 


The values of x mean the percentage of 00^ which has dissociated 
under a pressure of one atmosphere. 

The ratio of this value x to the constant of dissociation is easily 
deduced in the following way ; — 

In the equation 




Feo 



the first term of the quotient, which is independent of the units 
chosen, may therefore be replaced by the expression — 


100 — X 


X 


On the other hand, the dissociation of x per cent, of OO 2 iocreases 
the volume in the ratio of 100 + 0*5aj to 100. If the total pressure 
remains one atmosphere, the partial pressure of the oxygen becomes — 

__ 

100 +b-5.r 

therefore the complete expression for the equilibrium constant takes 
the following form : — 

^ 100 >/r00“"F0*'5^ 100 -a? , 

~ ^ 0*7”07i?;^ “ 0‘707jr^ 

For temperatures below 1000° where x is less than unity this 
may be simplified to— 

ir 

““ 0"-707rf 

The values for x calculated by Nernst and v. Wartenberg are 
based upon the determinations of the specific heats by Holborn and 
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Austin. These heats, reckoned by Nernst and v. W^artcnberg for one 
mol at constant volume between absolute zero and T, are for a 
permanent gas — 

= 4:*G8 +• 0-000268T 

and for CO 2 — 

= 5-100 + 0-00334T - 7*35 X l(r"T" 

Therefore the heat of formation of one mol of OO.j at constant 
volume has the value — 

Q,= 07,700 + 1-015T ~ 0-00204.T" + 0-735 x 10"-T 

The heat of formation of the same quantity of 00^ at constant 
pressure therefore is — 

= 07,700 + 2'907T - 0*0021)4T' + 0*735 X lO^T 

Calculations based upon the specific heats as determined l)y 
Langen give approximately the same values, as can be seen from 
the following table : — 


C' absolute. 

X found. 1 

X calculated. 

1300 

0-00414 

0-00107 

1478 

0-029-0-035 

0-043 


The free energy formula in the latter case is — 

A = 07440 - 2-42mT + 0-0017T - 4-56Tlog,o — * - S'OOT 

^ Pm xpot 

This is the same formula as given in the text on page 169, only 
with a different value for the thermodynamically undetermined 
constant. 

Comparing the results of Nernst and v. Wartenberg with those 
of Deville, we notice that the temperature which corresponds 
to Deville’s results is not 1300°, but 1400°. This is surprising, 
because at 1400° 0. the equilibrium changes very rapidly in the 
outlet tube, and Deville did not use any special device to hinder this 
change ; thus his result is difficult to understand. 

The figures of Nernst and v. W^urtenberg have been conjfirmed Tang- 
by Langmuir,^ who passed OO 2 along a platinum wire heated 
electrically. The temperature of the wire was determined from its ^ 
resistance. The escaping gases were collected and analyzed by the 

^ Jour. Amer, Ghem. Boo,, 28 (1906), 1357. 
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same method as that employed by Is^ernsb and v. Wartenberg. 
Experiments were made between 1050° and 1800° C., the values 
obtained being in close agreement with those of ISTernst and 
V. Wartenberg. 

The glass As these determinations of the equilibrium are restricted to a 
rather small interval of temperature, it is fortunate that a direct 
method has been found for determining the free energy of formation 
of CO 2 and O 2 in a reversible galvanic cell. It had already been 
shown by Warburg ^ that glass is an electrolyte at high temperatures, 
even when in the solid state. He found that a current may be pro- 
duced in a cell with sodium amalgam as anode, mercury as cathode, 
and glass as electrolyte, which transports the quantity of sodium 
through the glass corresponding to Faraday’s law. The author, in 
common with Moser, ^ platinized the lower ends of ordinary test-tubes 
both inside and outside, and heated them to the boiling-point of 
sulphur or phosphorus pentasulphide, that is to say to 445° C. and 
518° 0. respectively. The outside surface was surrounded by air, 
whilst the inside was filled with mixtures of CO 2 and CO, or of O .2 and 
N 2 . The platinum films on both sides of the glass were connected 
to a compensation apparatus by means of isolated platinum wires, 
so as to determine the values of the E.M.F. originated between them 
by the change of the nature or of the composition of the gases inside. 

Theory of The theory of the cell will become clear from the following con- 
sideration. According to Warburg, if a current is flowing through 
the glass, only sodium ions migrate, transporting the electricity 
from the positive to the negative pole. If there is no oxygen at 
the negative pole, these ions will be set free at the electrode ; 
in the presence of oxygen, sodium oxide will be formed to an extent 
of one equivalent for every 96,540 coulombs. At the other electrode 
the same quantity of electricity sets free one equivalent of SiOg from 
SiOg" ions ; if no oxidizablc substance is present at this pole oxygen 
will be liberated, while in the presence of CO an equivalent amount 
of CO 2 will be formed, Si 02 in both cases remaining in the glass. 
Hence it follows that the passage of 96,540 coulombs will use up one 
equivalent of O 2 at one pole, and produce one equivalent of CO 2 
from CO at the other pole, the glass becoming at the same time 
more alkaline on the oxygen side and more acid on the carbon 
monoxide side. 

^ See Warburg and Tegetmeier, Wied, Ann., 32(1887), 447 ; 36 (1888), 
456 ; Schultze, Wied. Ann., 36 (1889), 661 ; Tegetmeier, Wted. Ann., 41 
(1896), 18 ; and Roberts- Austen, Engineering, 69 (1895), 442. 

^ ZeiUidir. f. EdectrocTmnie, 1905, 694. 
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This system is of a similar type to a cell composed of aa electrode Compari- 
of chlorine and one of silver covered with, silver chloride in a 
solution of HCl as electrolyte. It is well known that in this case the chlorine 
source of the energy may he attributed to the fact that the equilibrium cell* 
pressure of 01 gas over Ag and AgCl is different from the pressure of 
the gaseous Oh at the chlorine electrode. So this system may be 
looked upon as a concentration cell, by the operation of which the 
pressure of the chlorine falls from its value at the chlorine electrode 
to the value corresponding to the equilibrium 2Ay + 012^^2 Ay 01. 

In exactly the same way the element of Haber and Moser derives its 
potential from the difference in the pressure of the oxygen, present 
in a large amount at one electrode, but at the other only in the 
imperceptible traces which satisfy its equilibrium with 00 and CO.j 
according to the equation — 



The fact that Haber and Moser did not measure the E.M.F. of the 
cell directly, but instead measured alternately the values for one 
and for the other electrode against the same air electrode, does not 
alter this consideration. There is, however, a distinction between the 
case of the chlorine element which we have instanced and that of the 
glass element. In the case of the chlorine element the dissociation 
pressure of chlorine over the two-phased system of Ag and AgCl is 
invariable at a given temperature, while in the case of the glass 
element it depends on the composition of the gaseous mixture 
according to the above equation. It may be further noted that when 
a current is flowing through the chlorine cell an increase of acidity 
takes place at one pole and a decrease at the other, just as in the 
case of the glass cell, diffusion in both cases tending to counteract 
this effect. If measurements are made by means of the compensation 
method, this change of concentration becomes zero in both cases, 
because no current is taken from the cell. 

The proof that the glass element really derives its e.m.f. from 
the reversible reaction — 

is shown by the fact that on one hand different mixtures of Oa and Kesults 
Ng, and on the other hand different mixtures of 00 and COa, give 
differences in e.m.f. against the standard air electrode, as required 
by the formulae — 



E = 


¥1 V 

2 F CO X jPcoj 
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Emich’s 
determi- 
nation of 
the dura- 
tion of 
outflow. 


Summary 
of the 
results on 
OO2 disso- 
ciation. 


he finds that the amount of dust produced for the same temperature, 
in an atmosphere of OO 2 is the same as thab produced in an atmo- 
sphere consisting of 4*9 per cent. O 2 and 95*1 per cent JSTq. From 
these results he concludes that for this temperature and under a 
pressure of one atmosphere carbon dioxide is dissociated to such an 
extent that 4*9 per cent, oxygen is present in the gas. At 1970° he 
finds that probably 2*2 per cent, oxygen is produced from the CO 2 
at one atmosphere pressure. 

At 1500° the dissociation as found by the same method is very 
small, its numerical value being somewhere about 0*1 per cent. 
Calculation of the percentage of dissociation at the other two 
temperatures gives for 1970° 4*5 per cent., and for 2150° 10 to 11 
per cent. 

The temperatures in these experiments were measured photo- 
metrically, according to Holhorn and Kuiibaum’s method described 
in the last lecture of this book. 

It may be mentioned that these results which Emich obtained are 
not in agreement with those he found by another method.^ He tried 
to find the decrease in apparent density produced by the dissociation 
of CO 2 at high temperature, according to the well-known method of 
Bmasen. The time which same volumes of different gases take to pass 
through a narrow opening is proportional to the square root of the 
densities of the gases. Emich determined the ratio of the duration 
of flow through an iridium orifice for CO 2 and hTa at ordinary 
temperatures and at 2000°. He did not find any, or, at the most, 
no appreciable change in the ratio. Discussing former paper's on this 
subject, he emphasizes the fact that a dissociation amounting to 6 
per cent, would be entirely inconsistent with his results. It is uu- 
doubtedly difficult to make this result accord with, his latkT work on 
formation of dust, bub it seems probable that the determination of 
the duration of outflow is less able to give certain values at so high 
a temperature, because of the rapid deterioration of the orifice. 

Owing to the uncertainty which still exists in the specific heats 
of the gases, it is difficult to give an exact expression for the 
reaction energy of CO and 0.^ forming CO.j. However, marked 
progress has been made, and the following figures, which Nernst and 
Wartenberg propose for the percentage of dissociation at different 
temperatures and pressures, may be probably regarded as a sufficient 
basis for further theoretical reasoning, though we cannot overlook 
the fact that the expression given by Holborn and Austin for the 
specific heat of CO 2 is used in this calculation for temperatures up 


^ Monatshefle fur Chemie, 26 (1905), 505. 
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to 2500"^ abs. This expression, derived from experiments at much 
lower temperatures, contains a negative term wibh T^, which makes 
the value for the specific heat of CO 2 undoubtedly too small at high 
temperatures. 


T 

P = 10 atm. 

r = 1 atm. 

1 

1 . ... .... 

1 

P = O'l atm. 

P = 0-01 atm. 

1000 

7*31 X 10-« 

1*58 X 10-s 

3*^0 X 10-5 

7*31 X 10-5 

1500 

1-88 X 10“^ 

4-OG X 10-2 

8*72 X 10-2 

0*188 

2000 

0*818 

1*77 

3*73 

7*88 

2500 

7-08 

15’8 

30*7 

53*0 


Surely it is of interest to see how nearly these figures are in Oompari- 
agreement with those given in the Fifth Lecture derived by help 
of Le Chateher’s assumptions, before any of the experiments which figures, 
are recorded in this appendix were published. 

According to the table on, p. 171, the percentage of dissociation 
at one atmosphere amounts at — 

(a) 1800*^ C. to 01 per cent. 

(b) UOO^ C. to 01 

(c) 2000° 0. to 5*5 

Nernst and Wartenberg calculate from their results the following 
values : — 

(a) 1323° C. to 0104 per cent. 

(1423° C. to 0*242 
11523° C. to 0*507 
11923°C. to4*88 
W 1.2023° 0. to 7*55 

The fact that Le Chatelier’s own calculations gave the different 
results which are mentioned on p. 172, is explained by the accidental 
error that the partial pressures in his calculations referred to 
the formation of 2 CO 2 from 200, whilst the heat of formation of 
CO 2 was used in the numerical treatment. 

Eeviewing our knowledge of the formation of CO 2 from CO and 
O 2 , the uncertainty seems limited to the highest temperatures 
attainable by combination of GO and O 2 . Indeed, Le Ohatelier’s 
assumption of 3000° C. for Deville's flame is a very uncertain one, 
though, as we have seen above, it has proved a useful starting- 
point to derive correct dissociation values for temperatures below 
2000° C. 
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Dissocia- Still greater progress has been made in tlie case of the following 
kon of reaction 

xl2vJ. 


Beginning with determinations at comparatively low tempera- 
tures, oxygen-hydrogen cells may first be mentioned, which the 
author has studied in common with Fleischman ^ and Foster,^ 
using hot glass and porcelain as electrolytes. 

Glass and Most of the glass cells were made in the following way : Two 
ordinary glass tubes 10 mm. in diameter and closed at one end were 
fused together by help of the blowpipe by their closed ends to form 
a straight tube of double the length. The bottom of the tubes 
formed a glass partition in the middle. This was platinized or gilded 
on each side, and brushes of either platinum or gold wires were 
inserted from the open ends so that the points of the brushes touched 
the partition, the other ends of the brushes being connected to a 
compensation apparatus with which the e.m.f., set up between the 
two sides of the partition by the introduction of different gas 
mixtures from each end, could be measured. Porcelain cells were 
made by the help of a straight porcelain tube, the middle part of 
which was platinized or gilded inside and outside for a length of 
10 cms. These films were connected to a compensation apparatus 
by wires of the same metal, different gas mixtures acting on the 
inside and outside setting up an e.m.f. Another form of the 
porcelain cell was made by the help of a porcelain tube closed at one 
end, and platinized or gilded inside and outside at the bottom. In 
all cases the heating was done electrically, and the temperature 
was measured by the platinum platinum-rhodium thermoelement. 
For details as to arrangement the reader is referred to the original 
papers. For temperatures between 330° and 580° glass cells were 
used, and between 800° and 1100° porcelain ones, 
of water^ The theory of the cell is the same as that given for the CO-COo 
vapour cell, except in one particular. Water-vapour acts upon the glass and 
porcelain glaze, while the CO^ was inert. The electrochemical changes 
cally. l^l3.e electrodes would correspond in the simplest case to the 


equations- 


(A) iOj4-8iO. + 2^:itSiO/ 

(B) H, + SiO/' SiO, -I- H,0 + 26 


From these equations it follows that a change in the pressure of 


‘ Zeitschr.f. anorg. Ohem., 51 (1906), 245. 
2 Ibid., 61 (1906), 289. 
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the oxjgen would iuflueiice the oxygen electrode according to the 
formula — 

X 2F = 

On the other hand, the ratio of Ha to TT^O at tlie Becond electrode, 
changing from to - > would produce a change in the e.m.f. 
equal to — 

Bb X 2f = X^^^- 

i»H,o JP'k, 


However, experiments show that these simple assumptioris are 
incorrect, and iimst be replaced by 


(A) iO, + SiO^-rH^O + 20 SiO/ + rfT,0 

(B) H 2 + SiO;':^^ Si02;rH20 + (1 - + 29 


The corresponding formula for these changes then assume ilie 
form — 


Pol. 


.Fh„.. 


E\ X 2F = RTkii’5- RTlnPr ^ 
P'ot P^n./> 

E'b X 2F = + RTfoi 

P Hg X Pttr/) 



Looking at these expressions, we see that tlie second terms on the 
right-hand side of both equations vanish when the water-vapour 
does not change in partial pressure ; that is, when p\^o is the same as 
j?%gO- Using on both sides of the cell gas mixtures which have the 
same partial pressure of water-vapour, no influence of these terms is 
to be expected theoretically, or is it found experimentally. The figures 
given later on will show that the agreement between theory and 
experiment with equal pressure of water-vapour on both electrodes is 
a close one. If the pressure of tlie water-vapour was different at 
both electrodes, qualitative agreement between theory and experiment 
was still found, experimental difficulties being in the way of quanti- 
tative proof of the theory, that is to say of an exact determination of 
the exponent x. 

Before giving the detailed figures, the theoretical deductions of The free 
the e.m.f. of the cell from the energy of reaction may be discussed, in thTImilL 
order to make clear to what extent uncertainty still exists about tlie tion of 
theoretical values, and how far the electrical measurements agree ^*^^*^*^ 
with conclusions drawn from other sources. elements. 
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Using the same water-gas equation as on p. 175, and the equa- 
tion for the formation of CO 2 given on p. 169, hut with the value 
— 5*95 for the thermo-dynamically undetermined constant justified 
hy the above-quoted experiments of Nernst and v. Wartenberg, 
the energy of the reaction — 

H 2 + O^H.O 

becomes — 

A = r»7,790 - 0-87TZ/;,T - 0-00025T2 - 4-5GT loff— -'“''-i - 5-95T 

The values of the e.mi. of the oxygen-hydrogen cell derived 
from this formula are given as Ei in the following table. The 
values E. are founded on the determinations of the equilibrium in 
the formation of water- vapour from the elements as described later 
on, which, by the help of the specific heats of Langen, allow the 
formulation of the reaction energy as — 

A= 57,06G -2-974mT4-0-00125r+7-6T- 4-56Tlogj„--^"“° , 

:ph ^ K 

The values E^are calculated from Nernt’s new theory as developed in 
the Appendix to Lecture III., the expression for the reaction energy 
according to this theory being — 

A'" = 57,300 - 1-75TZ/).T - O'OOOST* + 0-457T - 4-5CT , 

In the numerical calculations of E,, B 2 , B 3 , the term — 

IPh, X 

is taken as unity, and therefore the term 4*5GT log^o— equal 

to zero. In ordinary experimental cases this term will have a con- 
siderable influence, which may be easily found out by help of the 

figures in the last column, giving the equivalent of in volts. 

Multiplying this equivalent by the Briggs’ logarithm of the ratio 

c^'lculated according to the given experimental data, we 

Jr H 2 ^ Jr 02 

find the figure which, subtracted from the values of Ei, Eg, or Eg, 
produces the theoretical e.m.f. of the cell under the required 
conditions. 
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Temperature. 

E.m.f. of the cell in volts. 

4-56T. 

--y^r-in volts. 

oc. 

^ absolute. 

El 

E2 

E3 

25 

298 

1-180 

1-177 

M78 

0-029 

327 

GOO 

1-099 

1-09G 

1-098 

0 059 

427 

700 

1-073 

1-068 

1-070 

0-069 

527 " 

800 

1-043 

1-039 

1-040 

0-079 

0)-27 

900 

1-01.5 

1-010 

1-012 

0*089 

727 

1000 

0-980 

0-981 

0-981 

0-099 

827 

1100 

0-957 

0-953 

0-951 

0-108 

927 

1200 

0-928 

0-924 

0-920 

0-118 

1027 

1300 

0-898 

0-895 

0-889 

0*128 

1127 

1400 

0-8G9 

0-865 

0-857 

0-138 


It may be pointed out that, as the ratio is in most cases 

a fraction, its Briggerian logarithm is therefore negative, and hence, 
as this value must be subtracted, it means an increase in the values of 
El, B 2 , or Ey. Thus, in the case of the ordinary oxygen-hydrogen 
cell at 25° C. — 

= d*969 atmosphere 
= 0*031 „ 

therefore — 

0-0325 

X 

further — 


0-02!) X log 0-0325 = -0-0437 


subtraction of this from Bj, Ej, or Bj gires — 

Ej Ej E, E found 

1-224 1-221 1-222 ri4 


The result shows the same difference of 80 milli volts as pointed E,m.f. of 
out in the text of Lecture V., on the basis of Le Chatelier’s old 
assumptions. This agreement proves that the determinations made 
since the publication of the German edition of this hook, though 
the7 have greatly increased our knowledge on the subject, did not 
change the general aspect of the case derived from the few earlier 
figures. In connection with this it may be mentioned that Hernst 
and V. Wartenberg ' deduced, in a paper published at the same time 

1 Qottinger NacJiriehten {190S), Heft 1. 
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Values 
found with 
glass and 
porcelain 
cells. 


as tlie G-erman edition of this book, almost the same, theoretical 
value of 1*280 volts for the oxygen-hydrogen cell at 25° 0. The 
agreement becomes still better with a second calculation of Ncrnst 
and V. Wartenberg,^ which gives 1*225 volts for this e.m.f . 

Returning now to the practical work on the glass and porcelain 
cells, the following experimental figures may be quoted 


(A) IIyduoqen Conckntilvtion’ Ciclls. 


Temp. 

OC. 

Pai 

E.m.f. 

(volt). 

Electrodes. 

Electrolyte. 


Found. 

Calc. 

470 

22*85 

0*093 

0*099 

Pt 

Glass 

472 

24*12 

0*099 

0*101 

All 


560 

47*65 

0*138 

0*138 

Pt 


672 

24*12 

0*116 

0*115 

All 


860 

11*04 

0*111 

0*116 

Pt 

Porcelain 

860 

11*77 

0*123 

0119 

All 


1000 

11*04 

0*134 

0*130 

Pt 

55 

1105 1 

8*77 

0*122 

0*127 

Pt 

5) 


(B) Oxygen Concentration Cells. 


Temp. 

^C. 

Po, 

E.m.f. (volt). 

Electrodes. 

Electrolyte. 

P'Oi 

Found. 

Calc. 

460 

51*9 

0-069 

0*062 

Pt 

Glass 

475 

51-9 

0-058 

0*063 

Au 

jj 

560 

49-5 

0*069 

0*069 

Pt 

5J 

572 

51-9 

0*075 

0*072 

Au 

JJ 

860 

71-5 

0*101 

0*103 

Pt 

Porcelain 

860 

51-0 

0*090 

0*094 

All 


1000 

38-7 

0*100 

0*099 

Pt 



Zeitschr^f.^TiyBihah €hemie, 56 (1906), 545. 
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(C) Oxygbu’-Hydeogen Cells. 


(The figures given under e.m.f. calc, are the limits derived from the 
tliree different expressions for the reaction energy given before.) 




E.m.f. (volt). 



Temp. 



Electrodes. 

Electrolyte. 

QQ. 

7b r > ^ Vo t 


Calc. 



Found. 



460-470 

0-0282 

].164 

/IT 68 I 
. 11-174/ 

Pt. 

Glass 

473-480 

0-0282 

1-165 

/1-167\ 

11-173; 

An 

jj 

560 

0-0274 

1-143 

/1-1621 

11-157; 

Pt 


570-580 

0-0321 

M51 

11-1511 

li-i 5 c; 

All 

I? 

860 

0-0387 

1-087 

1 /1-0981 

11-104; 

Pt 

Porcelain 

860 

0-04.18 

1-007 

11-1051 

u-iii; 

An 

}> 

1000 

0-0345 

1-052 

11-080\ 

li-oso; 

Pt 

” 


The oxygen-hydrogen cell has been studied further by W. H. 
Patterson.^ He continued the work done by Haber and Brunner (see 
p. 178), and found that iron inserted in molten alkali acted for 
some time as a hydrogen electrode, while platinum, like other metals, 
acted as an oxygen electrode. He found the following yalues for 
the e.m.f. of such cells at different temperatures, with sodium 
hydroxide as electrolyte : — 


Temp. ° C. .. 

. 348° 

382° 

0 

0 

458° 

510° 

575° 

E.m.f. found .. 

. 1-20 

1*19 

1T7 

1-16 

1-13 

1-10 

E.m.f. calc. 

. 1-16 

M5 

1*14 

1-14 

1-13 

1-12 


The theory of this cell and the basis of the calculation may be 
seen in the text of Lecture T. (p. 175). Following a later publica- 
of Ikunner and the author,^ Patterson uses for numerical calculation 
the equation given in this Appendix on p. 32G. 

Whilst this work of Patterson is perhaps more supported by the 
theory than vm vemX Lewis ^ has proved conclusively, in an inde- 
pendent way, that the theoretical evaluation of the e.m.f. of the 
oxygen-hydrogen cell for ordinary temperature is correct, and that- 

^ Phil. Mag. (1907), January. 

2 Haber and Brunner, ZeitscTir.f. ElectrocTiem. 79. 

2 Zeitschr.f.fhysik. Ghemie,^^ (1906), 465. 
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N'ernst 
and T- 
Warten- 
berg’s ex- 
periments 


Grove’s cell does not possess the e.ini. corresponding to the 
reversible formation of oxygen from its elements. Lewis succeeded 
in proving that the equilibrium pressure of O2, corresponding to the 
reaction — 

2Ag205t4Ag + O 2 

is equal to 5*0 x 10“^ atmospheres at 25°. blow, according to 
Bdttcherd the concentration of Ag* and OH' ions in a saturated 
solution of AgJ) at 25° 0. is 1*4 x lO'*^ normal. From the data 
of Lewis upon the dissociation pressure of AggO, it immediately 
follows that the e.m.f. of a cell — 

AgAg.,0 i Saturated solution of AggO i O2 (1 atmosphere) 
must be e(|ual to — 

1.] log,,, 5 x\o-4 = H-0’04!) volt 

On the other hand, from Bottcher’s determination it follows that a 
combination, Ag i Agll* (Vi norm.) — OH' (Vi norm.) I O2 (1 atm.) 
would have an e.m.f. of —0*405 volt if such a system could be 
made. Now, Lewis, determining carefully the value of Ag 1 Ag* 
(Vi norm.), finds it equal to —0*515 volt, the so-called normal 
electrode (Hg i HgOlKCl Yi nonn.) being taken as zero. 

Thus O2 (1 atm.) i OH' (7i norm.) = —0*110 volt, the normal 
electrode being taken as zero as before. By the help of the well- 
known value of Kohlrausch and Heydweiller for the dissociation 
of water at 25° (1*07 x 10“^ equivalents of H* and OH' being in 
pure water at this temperature), we find the e.m.f. of O2 (1 atm.) 
i OH' (7i norm.) — H* (Y, norm.) : O2 (1 atm.) equal to + 0*824 
volt, and therefore — 

0.2 i H* 7i norm. = 0*984 volt. 

Taking into account that the potential H2 1 H* (7i norm.) is 
known to be -f 0*288 volt, the normal electrode being taken as 
zero, we finally find 1*217 volts for the e.m.f. of the combination 
O2 (1 atm) *: H2O — H2O i Hg (1 atm.), which value, according to 
Lewis, can hardly be wrong by more than 0*01 volt. It differs, 
indeed, from the values for Bi, Eg, E3, given on p. 827, by not more 
than 0*004 to 0*007 volt. 

Cells of glass and porcelain tell us the reaction energy of 
oxygen and hydrogen up to 1000°, while dissociation measurements 

^ Bottcher, Zeitschr,/, physik. (Jhemie, 46 (1903). 521. 
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made by Fernst and y. Wartenberg ^ are at our disposal for on water- 
temperatures between 1124° and 1984°. Nernst and v. Wartenber^ vapour 
used the same apparatus for the determination of the decomposition tion. 
of water- vapour as in the parallel investigations on the dissociation 
of CO 2 . The water-vapour introduced into the heated pipette came 
from a boiling flask of 250 c.c. capacity, containing water with a 
little alkali. The boiling flask was fitted with two platinum wires 
dipping into the liquid. A current of electricity of known strength 
passing through the water developed a definite quantity of oxy- 
hydrogen gases, which was passed along with the steam through the 
pipette, and there either increased or decreased their percentage 
according to the temperature. Equilibrium was thus approached from 
both sides. The steam coming from the apparatus was condensed over 
mercury, and the volume of the hydrogen-oxygen mixture, as well as 
that of the water, measured. Some corrections were found necessary, 
since the gases collected did not show the ratio 2 : 1 for 2Pl2 : O2, but 
contained an excess of ITa, probably due to some action of the steam 
on the walls of the pipette. The equilibrium was reached from both 
sides ; at temperatures below 1207° no shifting took place in the 
outlet tube, whilst at 1288° such a shifting could not be avoided. 

The amount of dissociation of water-vapour has been determined Experi- 
for higher temperatures first by Lowenstein ^ and later on by War- 
tenberg (/.<?.) according to an ingenious scheme devised by Nernst. stein on 
Lowenstein used a cylindrical platinum bulb, 8 cms. in length and 
1*2 eras, in diameter, fitted with a capillary tube of the same metal goJiation.^ 
12 cms. long and of 0*5 mm. bore. This apparatus was connected 
through a drying tube with a manometer, arrangements being made 
such that after complete evacuation of the whole apparatus one limb 
of the manometer remained in connection with the bulb, the other with 
the pump, thus maintaining a vacuum over this limb. The bulb was 
enclosed in a tube heated electrically. Steam was passed through this 
tube, and the teinptoture measured with a thermo-couple in contact 
with the wall of the bulb. Hydrogen produced by the dissocia- 
tion of the water-vapour diffused rapidly through the platinum walls 
and produced a difference in pressure between the two limbs of the 
manometer. The pressure of the hydrogen so measured is equal to 
its dissociation pressure in the steam. A slight complication arose 
from the fact that the hydrogen which diffused through the walls of 
the heating tube left an excess of oxygen in the steam, and thereby 

1 GdfMnger Nachrichten, 1905, Heft 1 ; Zeitschr. f. pTiysih. Cliemie, 56 
(1906), 513 and 634. 

2 Zeitschr.f.pTiysih Ghtmie, 54(1906), 716. 
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diminished the dissociation. Making allowances for this, the 
following figures were found : — 

OQ 1432° 1510° 1590° 1695° 

Dissociation % ... 0-102 0*182 0*354 0*518 

V. Wartenberg applied the same method at higher temperatures, 
iisiug an iridium bulb and an iridium furnace. He first tested the 
permeability of the iridium bulb at 2000° against O 2 and Ng, and found 
it almost zero. Tlie experiments were carried out in the following 
manner : the iridium bulb was evacuated by help of the mercury 
pump ; the manometer, arranged differently than in the ex])eriments 
of Lowenstein, was read, and the temperature of the bottom of 
the bulb determined photometrically. Then steam was blown 
through the furnace for five minutes, the pressure in the mano- 
meter becoming steady within this period. Air instead of steam 
was now blown tlirougli, and the pressure to which the manometer 
returned determined. The following figures were derived from 
these experiments : — 

C. X % of dissociation. 

1882 1*18 

1984 1-77 

Experi- It Still remains to mention experiments of Langmuir carried out 

ments of the same manner with water-vapour as with carbon dioxide (see 

and^lt.^ p. 317). The results of these experiments are in agreement with those 
of Nernsb and v. Wartenberg. 

Different results for high temperatures have been found by llolt,^ 
who passed a current of steam, like Langmuir, along a platinum wire 
heated to temperatures from 950° up to 1760°. His figures do 
not differ much from those of Nernsb and v. Wartenbei'g and from 
those of Langmuir for low temperatures, but fall much below 
them at higher temperatures. 

Summary In conclusion of this part we quote the following table, calculated 

water^^ Nerust and v. Wartenberg from the experimental work of 

vapour dis- Nerust and his co-workers. 

Booiation. 


T. 

1 P = 10 atms. 

1 

r = 1 atm. 

P = 0*1 atm. 

P = 0*01 atrn. 

1000 

: 1*39 X 10"^» 

3*00 X lo-^* 

6*46 X 10™^> 

1*39 X 10-4 

1500 

; 1*03 X 10-2 

2*21 X 10-2 

4*76 X 10-2 

0*103 

2000 

i 0*273 

0*588 

1*26 

2-70 

2500 

j 1*98 

3*98 ! 

8*16 

16*6 


1 Phil. Mag., ; 907 , 630 . 
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200 c.c. capacity, half filled with pieces of pumice-stone about the 
size of a pea. This pumice-stone had been saturated with copper 
chloride and dried in a current of hydrochloric acid gas. The 
cylinder was heated in a fused mixture of sodium and potassium 
nitrates. The HCl and O2 mixture, kept over concentrated sulphuric 
acid, was passed into the cylinder, and after remaining there a suit- 
able time, was withdrawn through a drying tube containing glass beads 
wet with IL2SO4 into a pipette, from which samples of the gases could 
be taken out for analysis. The process was an intermittent one, 
samples of the mixture always remaining half an hour in the reaction 
cylinder before being withdrawn. The cylinder was repeatedly filled 
and exhausted before the real experiments were performed, so as to 
establish constant conditions in the cylinder and drying tube. The 
composition of the final gas mixture was analyzed by absorbing the 
HCl and Cl^ with an aqueous solution of potassium iodide and 
measuring directly the volume of the oxygen. The solution was then 
titrated first with thiosulphate and afterwards with potassium hydi’ate, 
using phenolphthalein as indicator. The procedure was later on 
simplified, as it was found that the amount of O2 could be calculated 
with sufficient accuracy from the composition of the original gas 
mixture ; thus only the ratio of HOI and CL2 in the final mixture had 
to be determined. The following values for 


were found 

JLX 

IPHCI X 



® C 

. 352 

352 

386 

386 

419 

K found 

. 4*15 

3*95 

2*94 

3*01 

2*40 

K calculated .. 

. 4*02 

4*02 

3*02 

3*02 

2*35 


Lewis obtained these calculated values on the assumption that 
the change in lieat capacity at constant pressure during the re- 
action is zero ; the heat of reaction being therefore independent of 
the temperature under the experimental conditions. Taking this heat 
of reaction as 


HCl “f" iOg = ^H20 -}- ^Cl2 6900 calories 
Lewis deduces the expression ^ — 

, 1509 

logio K = -rjy 1'811 


^ This formula is of the same type as the formula of Bodlander — 


logio K = 


1484-7 

T 


- 2*434 


The difference in the results, however is a marked one, the value 2*35 
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The values for K calc, given above are derived from this 
formula. Lewis quotes experiments of Lowenstein in favour of his 
formula made according to the method as before described (see p. 331). 

They indicated that at HCl is 0*274 per cent, dissociated. 

Taking into account the values for the dissociation of water found 
by the same author, Lewis derives the constant K = 0*133 for the 
temperature 1537°, while his equation given above gives K = 0*106 
for the same temperature. Surely Lewis is right in saying that this 
is a very surprising agreement considering that this value is obtained 
by exterpolating through more than 1000°. On the other hand, 
calculating from his expression for the equilibrium in the Deacon 
process the value of K for 25°, and combining this with Dolezaleek’s 
results (see Lecture IV.), he finds the value 1*207 volts for the 
e.m.f. of the oxygen-hydrogen cell at 25° C. That is to say, only 
one centivolt less than the value obtained by his other method 
described before. 

Vogel V. Talkenstein has determined the equilibrium in the Vogel v. 
Deacon process from both sides at temperatures of 450°, 600°, and 
650°. His catalyst at the lowest temperature was cupric chloride, and periments. 
platinum chloride at the higher ones, both catalysts being finely 
divided on asbestos. The oxygen-hydrochloric acid gas mixture was 
made by passing electrolytic oxygen through hydrochloric acid of 
known strength and at a known temperature, and drying the resulting 
gas mixture with concentrated sulphuric acid. The chlorine-water 
vapour mixture was prepared by passing electrolytic chlorine through 
water at a known temperature. In both cases the gases passed without 
interruption through the reaction chamber, which was heated 
electrically to the desired temperature. 

In these experiments the time of reaction was shorter than in 
those of Lewis’s, and in consequence equilibrium was only reached 
at temperatures higher than 430°. The following table of values is 
computed for — 

from the results of v. Falkenstein, the experiments starting with O 2 
and HCl being given under “ direct process,” and those from Ch and 
H 2 O being under “reverse process;” — 

corresponding, according to Lewis’s calculation, to 419°, while according to 
Bodlander’s formula it should correspond to 266°. The source of the 
difference lies in the fact that Bodlander, who was convinced of the agreement 
of the e.m.f. of Grove’s cell with the theoretical value for the oxy-hydrogen 
cell, formed his expression to coincide with this assumption. 
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Eesulta 
and calcu- 
latioias. 


Degrees C. 

K. 

Direct process. 

Keverse process. 

IMean value. 


450° 

2-31 

2*22 

2.26 

[600 

0-98 

1*04 

1-02] 

650 

1 

0*804 

0*789 

0*704 


The values for C00° are in brackets, as only a few experiments were 
made at this temperature. 

The agreement of Vogel v. Talkenstein’s results with Lewis’s is 
by no means good, the constant 2*40 corresponding, according 
to the former, to 442®, while Lewis found it at 419°. 

For the theoretical discussion Vogel v. Falkensteiii uses first the 
expression — 

log K = “ "•■1375 log, „T - 0-0000325T - 0'85 

which corresponds to Nernst’s theory as developed in the Appendix 
to Lecture III. As this equation docs not express Lewis’s results, 
he derives the following formula : — 

log K = - 0-53-J: log T - 2-1425 X 10-^T + 1-7075 

X 10-»T + 0-074 

on the basis of the specific heats of Holborn and Henning. The 
calculations made according to the above formula are compared with 
the experimental facts in the following table. In the last column 
are added values derived from the formula given by the author in 
the text of the Fifth Lecture. It is interesting to note how nearly 
the old formula agrees with the new experiments. 





K calc. 

K calc. 

Degrees C. 

K found. 

Experimenter. 

(Fa I ken- 
stein) . 

according to 

1 p. 185. 

352 

4 02 

Lewis 

4*70 

4-57 

386 

3*02 

! 

3*53 

3*40 

419 

2*35 

V 

2*76 

2*62 

430 

2*5 

Lunge and Marmier 

2*53 

2*42 

450 

! 2'26 

V. Falkenstein 

2*22 

2*10 

480 

20 

Lunge and Marmier 

1*35 

1*73 

600 

1*02 

V. Falkenstein 

0*99 

0*90 

. 650 

0*794 


0*806 

0*728 

1 
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Furthermore, we can derive from our old formula the equilibrium 
constant for 1587°, and we find — 

= 0-128 

while, as Lewis pointed out, the experiments of Loweiistein show that 
the value at this temperature is — 

Kiw7 = 0*183 

Thus the agreement for both high and low temperatures is 
astonishing, strongly supporting our statement that the great 
increase in experimental data rather confirms than changes our views 
on the location of these gaseous equilibria. 

It may be mentioned, in addition to this discussion of the Experi- 
Deacon process, that Levi and Battoni^ investigated the alleged 
chemical changes of the cupric chloride acting as catalyst in the Battoni. 
reaction, but were unable to find either cuprous chloride or cupric 
oxychloride. They state that the affinity for water is the reason for 
the catalyst’s activity. 


^ Qaz, GMm, Ital., 35, i. 320. 
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difference in the catalytic effect of porcelain and platinum discussed 
in the Seventh Lecture, and its reference to differences in the velocity 
of the chemical change, are thus fully confirmed. 

II. When the location of an equilibrium is known, measure- 
ments of the rate of formation or of decomposition may serve to 
determine the order of the reaction involved. H. v. Wartenberg ^ 
succeeded in demonstrating in this way that the formations of water 
from the elements at 1100^ and of carbon dioxide from carbon 
monoxide and 0^ at 1200'^ to 1.300° are dimolecular reactions. But 
it should here be noted that kinetic equations in their simple form 
only apply to reactions at constant volume. If the number of 
molecules changes during the reaction at constant pressure, as it 
does in the formation of water or of carbon dioxide in a stream of 
gas, then, as Wegscheider ^ has shown, we must calculate somewhat 
differently. 

In a given quantity of an oxyhydrogen mixture the amount 
changed d/j. in the time di is given by the equation — 

''/‘“I™ 

d'X t 

where ^ signifies the amount changed per unit of volume, and V 

the volume of the oxyhydrogen mixture. We also may write — 

djL ^ dx 
di cU 

If now (Ml — 2/x) is the amount of unchanged hydrogen still present 
at the time t, and (M^ — /u-) the corresponding amount of oxygen, 
then — 

dx ,/^Mi — 2 /xY/'M 2 - tji\ 

lt^\ w “A. y, / 

But the volume V« is known from the known initial volume and 
the change of volume during the reaction. The former is, where 
Ml and are reckoned in gram-molecules — 

—(Ml + Mg) 

1 Zeitschr./, Fhysik. Chem., 56 ( 1906 ), 513 . 

^ Ihid,, 35 (1900), 578. 
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The latter equals — ^ /x/ since when a gram-molecule of oxygen 

{)% = 1) is used up, the volume of the gas mixture decreases by one 
molecular volume. We obtain then, for constant pressure, including 

1^2X2 

— in the constant — 

dfx _ - 2/x) 2(M2 - ju.) 

dt “b M 2 — 

If Ml and Mq are equivalent, Mi = 2 M 2 , and if we express the 
amount changed infractions of the initial amount present 
we obtain — 

(dx\ _ h%l - xy 
\dt)p (3 -- xy 

while the corresponding kinetic equation for constant volume was — 

(I).” ‘■c - 

It is important, however, to keep in mind that in the derivation of 
both formulae it has been assumed that the reaction takes place in a 
homogeneous system. Consequently, as soon as a gas reaction takes 
place on a catalytic surface neither formula is entirely rigorous. 

III. Eecent investigations have shown that among those gases 
which are stable at high temperatures, but which exhibit a tendency 
to decompose as they cool off, nitric oxide is unique in the slowness 
with which it decomposes. Thus Clement^ found that at 1000° a 
gaseous mixtures containing 1 per cent, of ozone decomposes 
spontaneously in 7 x 10“^ seconds to a content of a thousandth 
part of a per cent. It is, consequently, difficult to prepare ozone 
thermically. Nevertheless Fischer,*^ in conjunction with Braehmer 
and Marx, has succeeded in obtaining ozono by means of heat in a 
number of different ways. They burned hydrogen and other com- 
bustible gases in liquid air or liquid oxygen, and found ozone in the 
residual air or oxygen. They obtained the same result by heating a 
platinum wire or a Nernst filament to a white heat in liquid oxygen. 
Indeed, in this last case the ozone content corresponded very nearly 
to the amount required by theory. That is, one can calculate from 
the e.m.f. of an ozone-oxygen cell approximately what the ozone 

^ Annahn der Fhysik., (lY.) 14 (1904), 334. Compare also Jahn, Zeit, 
f. anorg. Ghem.^ 48 (1906), 260. 

2 Berl Ber., 39 (1906), 940 and 2567. 
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concentration would be when in equilibrium ab different temperatures 
with oxygen at atmospheric pressure.^ It is found that at 1296° a 
content of 0*1 per cent., and at 2048° a content of 1 per cent, (by 
volume), should be stable. This agrees approximately with the 
results of Fischer and Braehmer. It is possible to prove that ozone 
is formed in the combustion of hydrogen and around a Nernst 
filament glowing in oxygen, even without the use of liquefied gases, 
by simply forcing air or oxygen at a high-enough speed over the 
hydrogen flame or filament. If the cooling gas is nob forced by 
rapidly enough, nitric oxide is formed. The ozone has time to 
decompose, but the nitric oxide does not. 

Hydrogen peroxide was also formed in the combustion experiments 
when the velocity of the cooling gas was very great, but, strange to 
say, none was detected in the experiments with liquid air or oxygen. 
Its rate of decomposition is also very great, approaching that of 
ozone.^ Its formation by the sudden chilling of a hydrogen flame 
with ice has been well known since the experiments of Traube. Its 
concentration at equilibrium can be calculated from the difference 
between the potentials of oxygen and hydrogen peroxide. jSrernst ® 
made the calculation on the assumption that the difference of 
potential amounted to 0*374 volt. Meanwhile it has been found 
that the potential then assumed for oxygen was some 0*12 or 0*13 
volt too low. The author now finds, from his measurements of the 
hydrogen peroxide and the oxygen potential, that the difference is 
0*42 or 0*43 volt. Calculating from this value, the stable content 
of hydrogen peroxide at these high temperatures is found to be 
somewhat less than Nernst’s values. 

Nitrous oxide is the only other endothermic compound of this 
class where rate of decomposition has been measured. Hunter^ 
finds that its rate of decomposition is considerably less than that of 
ozone or hydrogen peroxide, but still at about 800° is a thousand 
times greater than that of nitric oxide. This shows clearly why, in 
preparing nitric oxide at high temperatures, the formation of nitrous 
oxide has never been observed. 

IV. Warburg and Leithauser® have shown, in contradiction to 
the older observations of Berthelot, that when a direct current 

1 Nernst, Zeitfilr Electrochem, 9 (1903), 891. 

Ihid.f 11 (1905), 713. Compare Finckh, Zeit. f.anorg. Qhem., 45 (1905), 

116. 

^ Zeitjpihys. chem,, 46 (1903), 720. 

* Ibid., 53 (1905), 441. 

« Annahn der FJiyaih., [4] 20 (1906), 743. 
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is sent either through dry or moist air at atmospheric pressure the 
nitrogen is partially oxidized, even at temperatures between 19° and 
200°. It therefore becomes doubtful whether the formation of NO 
from No and Og in the electric arc is purely a thermic process. 
Warburg and Leithauser used potentials of 5500 to 10,000 volts, and 
current strengths of 0*14 to 0*4 milliampere. One electrode con- 
sisted of a pair of platinum points, the other of a piece of sheet 
platinum connected with the earth. The quantity of oxidation pro- 
ducts formed was, to be sure, very small, about a mol of NO being 
formed in the most favourable cases per ampere hour, or, on the 
basis of a potential of 10,000 volts, about 0*1 mol per kilowatt hour. 
Usually the yield was not so good (about 0*05 mol per kilowatt 
hour, or 3 grams of HNO3 per kilowatt year). The reason of this 
formation of nitrous vapours by still electrical discharges is not yet 
clear. One might think that photochemical action was perhaps 
responsible, because we know that this is usually the cause of the 
formation of ozone. But if it is, then only wave-lengths less than 
0*2fjL can be operative, for Kreussler " has shown that only such are 
absorbed to any extent by air. On the other hand, Warburg’s 
experiments furnish ground for the assumption that ozone is pro- 
duced in still electrical discharges by electronic impacts. Warburg 
came to the conclusion that the negative glow and the positive 
column in point discharges indicate a high velocity of the gaseous 
ions, and that the collisions of these rapidly moving ions with the 
gas molecules cause chemical reactions to take place (ozonization), 
which would not occur were the motions less rapid. A similar action 
of rapidly moving ions might contribute to the formation of the 
oxides of nitrogen, both in the still electrical discharge and in the 
high-tension arc. Nevertheless, since there are no facts known 
which disagree with the thermic explanation of the action of the arc, 
we had best adhere to that explanation for the present. 

V. New data are now available bearing on the velocity of forma- 
tion and decomposition of the oxides of nitrogen. These data, which 
are derived from experiments performed in tubes heated from the 
outside, do not, however, provide us with any simple picture of what 
takes place when these reactions are brought about by the electric arc. 

A series of experiments by Finckh^ first deserves notice. He 
repeated Bunsen’s experiments upon the oxidation of nitrogen by 
the explosion of an oxyhydrogen mixture in the presence of an 

^ Wied. Annalm, 6 (1901), 412. 

* Zeit, f* amrg. Ohem,, 45 (1906), 116. 
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excess of air. He covered the mercury used to seal off the exploding* 
gas mixture with a thin layer of 10 per cent, potassium hydroxide in 
order to prevent the nitrous or nitric acid formed from acting on the 
mercury. Equilibrium was not reached because of the relatively low 
temperatures attained, these being, in the two series of experiments 
according to calculations of Nernst,^ 2307^" and 2402°. Nerust assume, 
as a first approximation, that the formation of NO takes place 
isothermally at the maximum temperature, and puts the time of 
reaction proportional to the square root of the initial pressure of the 
gas mixture. In this way he calculates values for the yield which 
are very close to those actually obtained by Finckh. Fincth found 
the concentration of NO at equilibrium at 2307° to be 2*05 per 
cent.; at 2402°, 2*23 per cent. These numbers are very similar to 
those found by other investigators in entirely different ways. 

Certain experiments by Jellinek ^ afford a surer basis for calcula- 
tion. He studied the rate of formation and decomposition of nitric 
oxide in porcelain, platinum, and iridium vessels at temperatures 
varying from 689 ° to 1750°. He found that the velocity constants 
throughout the whole temperature interval studied were doubled for 
every 50° rise in temperature. To be sure, the walls of his vessels 
exerted a somewhat disturbing catalytic effect. 

The equilibrium was reached even at 2800° in the thousandth 
part of a second. We can predict that at a temperature of 3300° the 
same result would be attained in 10"® second. If, then, the arc light 
consists of a heated thread of gas only 0*01 mm. in thickness, equili- 
brium would be very nearly attained even if the air were forced 
through at a rate of 1000 m. per second, provided no other factor 
enters in. Similar considerations hold for the rate of decomposition, 
so that it is surprising that the air can be withdrawn from the arc 
without much trouble, and its NO content still kept up to 7 per cent. 
On the other hand, it is known that if a stream of air is blown 
through an alternating current arc with the greatest velocity, only a 
very small amount of NO is formed. 

VI. Gran and Russ^ have undertaken a thorough investigation 
of the formation of nitric oxide in stationary high-tension arcs. 
They used cooled capillaries in sucking their samples of gases out of 
the arcs. With arcs 3 cm. long they succeeded in obtaining a gas 
mixture containing as much as 5 per cent. NO, corresponding, accord- 
ing to the equilibrium measurements of Nernst, to a temperature of 

1 Zeit.f. anorg. Ohem.f 45 (1906), 126. ^ Ibid,, 49 (1906), 229. 

^ Sitzungsh&jr, d. kais, Acctd. Wien, 115 Ila. (1906), 157, 
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3100 °. They concluded that this content represented the true 
equilibrium concentration, using air and an arc of the given length. 
Using arcs 5 cm. long, thej.iinproved the yield to as much as 5*6 per 
cent. NO. The yield in their experiments corresponds to between 
500 and 600 kg. HNO3 per kilowatt year, and they promise still 
better yields using long arcs. This proposal is, indeed, contained in 
the French patent of the Badische Anilin und Sodafahrik. We 
cannot deal here with the already extensive literature, or the rapidly 
increasing number of patents dealing with the technical preparation 
of nitric oxide. They can be found in the recent volumes of the 
Zeitschrift filr EleMrocliemie either as original articles or as abstracts. 

VII. Baur has attempted, in his book on ‘‘ Spectroscopy and 
Colorimetry,” ^ to explain the radiation phenomena of flames without 
the assumption that luminescence tabes place in them. He explains, 
for instance, the intense green light which the inner cone of the 
bunsen burner sends out when the primary air-supply is large, by 
the hypothesis that under these conditions methane is present in the 
brightly radiating layer. Its absorptive power, according to all the 
measurements we possess, is large, so that we can assume a high 
coefficient of emission. Since, now, there is no methane in the 
layer of gas in immediate contact with the burning zone, a differ- 
ence in the brilliancy could be brought about in this way. 

Dr. Lacy, however, has tried in vain, in the author’s laboratory, 
to produce a lighting effect by blowing methane into a flame of 
benzene at a point above the inner combustion zone, even when the 
methane had been previously heated by passing it through hollow 
Nernst rods heated for several centimetres to a very high tem- 
perature. 

Further, it should be observed that the difference between the 
absorptive power of carbon dioxide and methane (1 : 4 * 5 ) is not 
sufficient to explain the difference between the radiation from the 
inner cone and the adjacent layers of the bunsen flame. The 
unburnt gas-air mixture does indeed contain 7 per cent, methane 
which is not present in the burnt mixture, but, on the other hand, 
the latter contains a considerably greater amount of water-vapour 
and carbon dioxide. 

TII. Mayer and Altmayer^ have investigated the stability -of 

^ Vol. V. of Bredig’s ‘‘Handbuch der angewandten physikalischen 
Ohemiei” Leipzig, 1907. 

2 Berl, Ber., 40 (1907), 2134. 
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methane, and hud that at one atmosphere pressure the following 
percentages are stable in tlie presence of hydrogen : — 

Temp. C. ... 250° 450° 550° 750° 850° 

Percent. ... 08*70 7G*80 4(r()0 6-08 1*50 

The thermodynamic expression for the c(.j[uilihrium — 

G + TH,:^GH, 

is — 

- 5-y9j{J:Z«T - 0-002i)a()T = Rl/i^ . 

It is evident from this expression that with decreasing hydrogen 
pressure the equilibrium pressure of methane rapidly falls. Thus 
at 850°, where at atmospheric pressure 1*59 per cent, methane 
is an equilibrium with hydrogen whose pressure is then 0*9841 
atmospheres, a decrease of the pressure of the hydrogen to 0*1 
atmosphere lowers the methane content to 0*016 per cent. This is 
the very limit at which methane can be analytically detected. Ey 
combining the methane equilibrium with the carbon dioxide 
equilibrium — 

C + OO^lit^CO 

w*c readily obtain the equilibrium — 

CO, + CFT,^2CO + i>H2 

between carbon dioxide, methane, carbon monoxide, and hydrogen. 
This can be done by simply subtracting the expression for the carbon 
dioxide equilibrium from the expression we have just given for the 
methane equilibrium. 

The carbon dioxide equilibrium has recently been more accurately 
investigated by Mayer and Jacoby (private communication). The 
measurements show that above 750° a complication sets in, but, 
using the values obtained below this temperature, we derive the 
expression — 

lD-8 - + 3-54Z«T - 0-003136T = 

1 PC02 

Subtracting as indicated above, we obtain — 

_.V;.5 _ + i)-5334W - 0-0002T = Rhi ^^ . 

T Po02 X 

We see immediately, from this expression, that in hot water-gas 
containing a few percents of 00^, CO, and H2 no perceptible 
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